Predicting algorithmic complexity through structure analysis and compression by Mann, Zoltán Ádám & Papp, Pál András
 !"#$%&$'( )*(+!$&,-$% %+-.*"/$&0 &,!+1(,
2&!1%&1!" )')*02$2 )'# %+-.!"22$+'
 !"#$% &'$( )*%% *%' +$" ,%'-$. +*//
 !"# $%$&' (%# $)*+"#!&, "-  !!"#$% &'() *'+!,)#-. ./0123 $$4 /5267/589:
6;./4
.
 !"#$%&$'( )*(+!$&,-$% %+-.*"/$&0 &,!+1(, 2&!1%&1!"
)')*02$2 )'# %+-.!"22$+'
 !"#$% &'$( )*%%
 !∗
+ ,$" -%'.$/ ,*00
 
 
 !"#$%&!'% () *(&"+%!$ ,-.!'-! #'/ 0')($&#%.(' 12!($3
4+/#"!5% 6'.7!$5.%3 () 1!-2'(8(93 #'/ :-('(&.-5
;#93#$ %+/<5(= =>$?%@# ABC DDDE 4+/#"!5%C F+'9#$3
 !"#$%&#
123 4!(0"356#7 !8 *% *"9!.6#2( 6/ :/:*""7 /0346ﬁ3' <7 #23 (*56(:( %:(=
<3. !8 /#30/ (*'3 <7 #23 *"9!.6#2(+ */ * 8:%4#6!% !8 #23 /6>3 !8 #23 6%0:#?
@!A3B3.+ */ '6ﬀ3.3%# 6%0:#/ !8 3D:*" /6>3 4*% 763"' '.*(*#64*""7 '6ﬀ3.3%# *"=
9!.6#2( .:%#6(3+ #23 /6>3 !8 #23 6%0:# 6/ %!# *"A*7/ *% *00.!0.6*#3 <*/6/ 8!.
0.3'64#6%9 *"9!.6#2( .:%#6(3? E% #26/ 0*03.+ A3 *.9:3 #2*# #23 4!(0.3//3'
/6>3 !8 #23 6%0:# 6/ (!.3 *00.!0.6*#3 8!. #26/ 0:.0!/3? E% 0*.#64:"*.+ A3 '3B6/3
* 93%3#64 *"9!.6#2( 8!. 4!(0.3//6%9 * 9.*02 <7 ﬁ%'6%9 #23 (!/# 4!(0*4#
'3/4.60#6!% !8 6#/ /#.:4#:.3+ *%' A3 '3(!%/#.*#3 2!A #23 4!(0.3//3' /6>3 !8
#23 0.!<"3( 6%/#*%43 4!..3"*#3/ A6#2 #23 .:%#6(3 !8 *% 35*4# *"9!.6#2( 8!.
#A! 2*.' 4!(<6%*#!.6*" 0.!<"3(/ F9.*02 4!"!.6%9 *%' G!!"3*% /*#6/ﬁ*<6"6#7H?




K23% *%*"7>6%9 *%' 4!(0*.6%9 #23 4!(0"356#7 !8 4!(<6%*#!.6*" *"9!=
.6#2(/+ #23 (!/# A6'3"7=:/3' *00.!*42 6% 4!(0:#3. /463%43 6/ A!./#=4*/3
*%*"7/6/ LMN? 12*# 6/+ #23 *"9!.6#2(O/ 4!(0"356#7 6/ 42*.*4#3.6>3' <7 #23
(*56(:( %:(<3. !8 /#30/ !8 #23 *"9!.6#2(+ */ * 8:%4#6!% !8 #23 /6>3 !8 #23
6%0:#? P!. 35*(0"3+ #23 P"!7'=K*./2*"" *"9!.6#2( 8!. 4!(0:#6%9 /2!.#3/#
0*#2/ 6% * 9.*02 A6#2 n B3.#643/ .:%/ 6% O(n3) #6(3+ (3*%6%9 #2*# #23 *"=
9!.6#2( (*Q3/ /, 1$', cn3 /#30/ !% *%7 9.*02 A6#2 n B3.#643/+ A23.3 c 6/
* 4!%/#*%# LRN? E% 8*4#+ #26/ *"9!.6#2( (*Q3/ *00.!56(*#3"7 cn3 /#30/ !%
/22 9.*02/ A6#2 n B3.#643/? 12*# 6/+ #23 *"9!.6#2(O/ .:%#6(3 '!3/ %!# '3=
∗
 !""#$%!&'(&) *+,-!"
:&#.8 #//$!55!5G  !"#$%&'$%%()'$*"&+!' ./!0,1& 2'13 4*&&56
,$,,&,$"&$%-.$/()'$*"&+!' .710 8&'"1$ 7*%%5
H$!"$.'% 5+I&.%%!/ %( J""8.!/ ,()% *(&"+%.'9 ;#$-2 DAC AKDL
 !"# $" %&! ' !()ﬁ( )" +% ,-. &/ $"01 $" )%' ')2!3 4&)' )' 5+)%! %1 )(.0 6$-
 $01"$7).001 '$08.90!  -$90!7'3
:;.(% .0,$-)%&7' 6$- NP <&.-#  -$90!7' .-! 8!-1 #)ﬀ!-!"%3 4&!)- >$-'%<
(.'! ($7 0!;)%1 )' +'+.001 !; $"!"%).0 ?!3,3 O(2n)@3 A$>!8!-/ '7.-% .0,$<
-)%&7' B '+(& .' 9-."(&<."#<9$+"# ."# ')7)0.- 9.(C%-.(C '!.-(& 7!%&$#' B
(." .(&)!8! 7+(& 9!%%!-  !-6$-7."(! 6$- . '),")ﬁ(."%  $-%)$" $6 )" +%'3 D'
. -!'+0%/ %&!  !"#$%&'$%() $*+"&),# ! $6 '+(& .0,$-)%&7' (." 9! '),")ﬁ(."%01
0$>!- %&." %&!)- >$-'%<(.'! ($7 0!;)%1 EFG3 H$7! ' !()ﬁ( !;.7 0!' $6 %&)'
 &!"$7!"$"I
• J$- %&! ,-. & ($0$-)",  -$90!7/ 9.(C%-.(C '!.-(& &.' ." !; $"!"%).0
>$-'%<(.'! ($7 0!;)%1/ 9+% ($"'%."% .8!-.,!<(.'! ($7 0!;)%1 EK/ LG3
• J$- %&! '.%)'ﬁ.9)0)%1  -$90!7/ '%.%!<$6<%&!<.-% HD4 '$08!-' (." $6%!"
'$08!  -$90!7 )"'%."(!' >)%& %&$+'."#' $6 8.-).90!' ."# %!"' %$ &+"<
#-!#' $6 %&$+'."#' $6 (0.+'!' )" -!.'$".90! %)7!/ >&)0! %&!)- >$-'%<(.'!
-+"%)7! )' '%)00 O(2n) EMG3
• J$- 0)"!.-  -$,-.77)",/ %&! ')7 0!; 7!%&$# )' C"$>" %$ &.8! >$-'%<
(.'! ($7 0!;)%1 $6 O(2n)/ 9+% )% >$-C' 7+(& 6.'%!- $" 7$'%  -.(%)(.0
)" +%' ENG3
O"!  $'')90! !; 0.".%)$" $6 %&)'  &!"$7!"$" )' %&.%  -$90!7 )"'%."(!' .-)'<
)", )"  -.(%)(.0 .  0)(.%)$"' %!"# %$ 9! ( -.$ .-)// ."# '7.-% .0,$-)%&7'
(." !; 0$)% %&)' '%-+(%+-! %$ 1)!0# '),")ﬁ(."%01 9!%%!-  !-6$-7."(! %&." )"
%&! >$-'% (.'!3 P"#!!#/ )% &.' 9!!" -! $-%!# '!8!-.0 %)7!' )" %&! 0)%!-.%+-!
%&.% '%-+(%+-!#  -$90!7 )"'%."(!' .-)')", )"  -.(%)(.0 .  0)(.%)$"' %!"# %$
9! 7+(& !.')!- %&." -."#$7  -$90!7 )"'%."(!' $6 !5+.0 ')2! EQ/ R/ SG3 J$-
!;.7 0!/ )" %&! HD4 T$7 !%)%)$"'
 
/ -."#$7 HD4 )"'%."(!' +'+.001 &.8!
102 . . . 104 8.-).90!'/ >&!-!.' )"#+'%-).0 9!"(&7.-C' +'+.001 &.8! 103 . . . 106
8.-).90!'/ ."# %&!'! %>$ '!%' $6  -$90!7 )"'%."(!'  $'! ($7 .-.90! (&.00!",!
%$ %&!  .-%)() .%)", '$08!-'3 D,.)"/ %&)' (." 9! .%%-)9+%!# %$ $+- .0,$-)%&7'U
.9)0)%1 %$ !; 0$)% %&! '%-+(%+-! 6$+"# )" -!.0<>$-0#  -$90!7 )"'%."(!'/ >&)0!
)" -."#$7  -$90!7 )"'%."(!'/ "$ '+(& '%-+(%+-! (." 9! +'!#3
0121 3.44)( )/ %""-*%$5
D' (." 9! '!!" 6-$7 %&! .9$8!/ %&! ')2! $6 %&!  -$90!7 )"'%."(! )'/ )"
,!"!-.0/ .  $$- )"#)(.%$- $6 )%' ($7 0!;)%13 O6 ($+-'!/ %&!-! )' '$7! ($--!0.<
%)$" 9!%>!!" ')2! ."# ($7 0!;)%1/ 9+% %&)' ($--!0.%)$" )' 5+)%! >!.C/ 7$'%01
9!(.+'! %&! ')2! )%'!06 #$!' "$% .(($7$#.%! ."1 '%-+(%+-.0 )"6$-7.%)$"3
A!"(! %&! .)7 $6 %&)' -!'!.-(& )' %$  -$ $'! . "!> 7!%-)( %&.% (." 9!
+'!# )"'%!.# $6 %&! ')2! $6 %&!  -$90!7 )"'%."(! %$  -!#)(% .0,$-)%7 -+"%)7!3




•  ! "#$%&' ()*+,! -)!!)* (*)',.!,$/ 0-$%! !#) .$+(&)1,!2 $3 !#) 4,5)/
(*$-&)+ ,/"!0/.) !#0/ ",6) 0&$/)7 -2 0&"$ ,/.$*($*0!,/4 "!*%.!%*0& ,/8
3$*+0!,$/9
• :$+(%!0!,$/ $3 !#) +)!*,. "#$%&' -) ;%,.<9
=#)*)3$*)7 >) (*$($") !$ .0**2 $%! 0/ 0/0&2"," $3 !#) "!*%.!%*) $3 !#) (*$-&)+
,/"!0/.)
 
>,!# !#) 0,+ $3 .$+(*)"",/4 ,!9 =#)/7 !#)  !"#$%&&%' &()% $3 !#)
(*$-&)+ ,/"!0/.) .0/ -) %")' !$ (*)',.! ,!" .$+(&)1,!29 =#," +)!*,. #0"
")5)*0& 0'50/!04)"?
•  ! ," 0 ",+(&) 0/' ,/!%,!,5) +)!*,.7 >#,.# .0/ -) .$+(%!)' >,!# *)&0!,5)
)0")9
•  ! .$+-,/)" ,/ 0 /0!%*0& >02 !#) ",6) $3 !#) (*$-&)+ ,/"!0/.) 0/'
,/3$*+0!,$/ 0-$%! ,!" "!*%.!%*)9  / (0*!,.%&0*7 >) )1().! "!*%.!%*)'
(*$-&)+ ,/"!0/.)" !$ 0&&$> -)!!)* .$+(*)"",$/ !#0/ *0/'$+ (*$-&)+
,/"!0/.)"9
@) "!0*!)' !#," *)")0*.# >,!# !#) #2($!#)"," !#0! .$+(*)"")' ",6) ," ,/'))' 0
-)!!)* -0"," 3$* (*)',.!,/4 0&4$*,!#+ *%/!,+) $/ !#) 4,5)/ (*$-&)+ ,/"!0/.)
!#0/ !#) "#))* ",6) $3 !#) (*$-&)+ ,/"!0/.)9 =#) (*,+0*2 $-A).!,5) $3 !#)
(0()* ," !$ ,/5)"!,40!) >#)!#)* !#," #2($!#)"," ," !*%)9
=#) ").$/'0*2 $-A).!,5) $3 !#) (0()* ," !$ .$+(0*) ',ﬀ)*)/! .$+(*)"",$/
+)!#$'" 3*$+ !#," ($,/! $3 5,)>9 =#0! ,"7 $%* 0,+ ," !$ ')5)&$( 0 .$+(*)"",$/
+)!#$' >,!# !#) (*$()*!2 !#0! !#) .$+(*)"")' ",6) $3 0 (*$-&)+ ,/"!0/.)
()*+,!" 0" 4$$' 0 (*)',.!,$/ 0" ($"",-&) 0-$%! 0&4$*,!#+,. .$+(&)1,!2 $3 !#)
4,5)/ (*$-&)+ ,/"!0/.)9
 / (0*!,.%&0*7 >) ')5,")' 0 4)/)!,. 0&4$*,!#+ .0&&)' CDE FC*0(# D!*%.8
!%*) E/0&26)*G !$ .$+(*)"" (*$-&)+ ,/"!0/.)" 4,5)/ ,/ !#) 3$*+ $3 0 4*0(#9
@) ')+$/"!*0!) >,!# )1!)/",5) )+(,*,.0& *)"%&!" !#0! !#) .$+(*)"")' ",6)
*)!%*/)' -2 CDE ," 0 -)!!)* ,/',.0!,$/ $3 0&4$*,!#+ *%/!,+) !#0/ !#) ",6)
$3 !#) (*$-&)+ ,/"!0/.)9
*+,+ -.#%$ !$/.0().1(!0
 / !#) 3$&&$>,/47 >) "!0*! >,!# 0 *)5,)> $3 *)&0!)' >$*< ,/ D).!,$/ H9
@) %") !>$ (0*!,.%&0* 0((&,.0!,$/ '$+0,/" 3$* (*)")/!,/4 0/' )50&%0!,/4
$%* 0((*$0.#? 4*0(# .$&$*,/4 0/' I$$&)0/ "0!,"ﬁ0-,&,!29 I$!# 0*) 3%/'0+)/8
!0& 0/' >,')&28"!%',)' KL8#0*' .$+-,/0!$*,0& (*$-&)+" >,!# +0/2 0((&,.08
!,$/" MNO9 @) %") "!0!)8$38!#)80*! )10.! 0&4$*,!#+" 3$* "$&5,/4 !#)") (*$-8
&)+"7 )1#,-,!,/4 )1($/)/!,0& >$*"!8.0") .$+(&)1,!27 -%! 30* -)!!)* !2(,.0&8
.0") .$+(&)1,!29 =#)") (*)&,+,0*,)" 0*) ')".*,-)' ,/ !#) /).)""0*2 ')!0,& ,/
D).!,$/ P9
 
 ! "# "$%&'!()! !& )&!* !+(! ,* (--'*## +*'* !+*  !"#$ %$&#'$#&(. (# &%%&#*- !& "&)*+(,
%$&#'$#&(. (# !+*#* !,& -& )&! )**- !& /&''*0(!* ") ()1 ,(12
P
 !" #$% &'()*+,!- +,."'/ +. 0*"."1,"2 +1 $"3,+)1 45 61 0&*,+37'&*8 +, +. 2"9
.3*+:"2 !); & ("1",+3 &'()*+,!- 3&1 :" 7."2 ,) "<)'<" & 3)-0&3, 2".3*+0,+)1
)/ ,!" .,*73,7*" )/ & (*&0!5
61 $"3,+)1 =8 ;" 3)-0&*" )7* &00*)&3! "-0+*+3&''> ;+,! ,!" ,*&2+,+)1&'
&00*)&3! )/ 0*"2+3,+1( &'()*+,!- *71,+-" :&."2 )1 ,!" .+?" )/ ,!" 0*):'"-
+1.,&13"5 @*)- ,!" "-0+*+3&' *".7',. +, +. 3'"&* ,!&, ,!" 3)-0*".."2 .+?" +.
+12""2 & :",,"* +12+3&,+)1 )/ &'()*+,!- *71,+-" ,!&1 .+?" +,."'/5 A)*")<"*8
;" 3)-0&*" #$% ;+,! ),!"* 0)..+:'" &00*)&3!". /)* 3)-0*"..+1( (*&0!.5
$"3,+)1 B 2+.37..". ,!" *".7',. &12 07,. ,!"- +1 ,!" 3)1,"C, )/ 0*"<+)7.
;)*D5 @+1&''>8 $"3,+)1 E 3)13'72". ,!" 0&0"*5
 ! "#$%&#' ()*+
 !" /&3, ,!&, &1 &'()*+,!-F. *71,+-" 3&1 <&*> 2*&.,+3&''> :",;""1 0*):9
'"- +1.,&13". )/ ,!" .&-" .+?" !&. :""1 D1);1 /)* 2"3&2".5 $>.,"-&,+3
.,72+". )/ ,!+. 0!"1)-"1"1 &12 +,. 0)..+:'" *"&.)1. ;"*" ﬁ*., 07:'+.!"2 +1
,!" :"(+11+1( )/ ,!" HIIJ.5 61 0&*,+37'&*8 K!""."-&1  ! "#$ &12 A+,3!"''
 ! "#$ +1<".,+(&,"2 ,!" 3)-0'"C+,> )/ ,!" .&,+.ﬁ&:+'+,> 0*):'"- &12 ."<"*&'
(*&0! ,!")*",+3 0*):'"-. L"5(58 (*&0! 3)')*+1(M )1 *&12)- 0*):'"- +1.,&13".
NHJ8 HHO5  !"> /)712 ,!&, .)'<"* *71,+-" 2"0"12. '&*("'> )1 ,!" *&,+) )/ ,!"
17-:"* )/ 3)1.,*&+1,. ,) ,!" 17-:"* )/ <&*+&:'".5 6/ ,!" 17-:"* )/ 3)19
.,*&+1,. +. '); L712"*93)1.,*&+1"2 3&."M )* !+(! L)<"*93)1.,*&+1"2 3&."M8 ,!"1
,!" +1<".,+(&,"2 &'()*+,!-. ﬁ12 ,!" (+<"1 0*):'"- +1.,&13" "&.>5  !"*" +. &
*"'&,+<"'> 1&**); *&1(" :",;""1 ,!" &:)<" ,;) *"(+)1. L3*+,+3&''> 3)1.,*&+1"2
3&."M ;!"*" 3)-0'"C+,> +. -73! !+(!"*5  !+. -)2"' ;&. *"ﬁ1"2 &12 "C,"12"2
'&,"* )18 ."" "5(5 NHP8 HQO &12 *"/"*"13". ,!"*"+15
A)*" *"3"1,'>8 *"."&*3!"*. !&<" :"(71 ,) 7." .73! +1.+(!, /)* 0*"2+3,+1(
,!" 3)-0'"C+,> &..)3+&,"2 ;+,! & (+<"1 0*):'"- +1.,&13"5 R">,)19S*);1 &12
3)9;)*D"*. .!);"2 ,!&, .+-0'" &12 "&.+'> 3)-07,&:'" .,&,+.,+3&' 3!&*&3,"*+.9
,+3. )/ ,!" 0*):'"- +1.,&13" 3&1 :" 3)-:+1"2 ,) 0*"2+3, &'()*+,!- *71,+-"T
-)*")<"*8 ,!" 2"0"12"13" )/ &'()*+,!- *71,+-" )1 ,!"." 0&*&-","*. 3&1 :"
/)712 &7,)-&,+3&''> 7.+1( -&3!+1" '"&*1+1( ,"3!1+U7".5  !"." .)93&''"2 "-9
0+*+3&' !&*21".. -)2"'. 3&1 :" 7."2 /)* & <&*+",> )/ 07*0).".8 +13'72+1( ,!"
."'"3,+)1 )/ ,!" -)., &00*)0*+&," &'()*+,!- /*)- &1 &'()*+,!- 0)*,/)'+)8 )*
,!" ,71+1( )/ &'()*+,!- 0&*&-","*. NH48 H=8 HBO5
61 0*+13+0'"8 ,!"." ;)*D. !&<" & ()&' .+-+'&* ,) )7*.5 V);"<"*8 3)13"*1+1(
,!" 2",&+'.8 ,!" ,;) &00*)&3!". &*" U7+," 2+ﬀ"*"1,5  !" &:)<" ;)*D. &+-
,) ):,&+1 & 0*"2+3,+)1 &. &337*&," &. 0)..+:'"8 &, ,!" 3)., )/ .7:.,&1,+&'
0*):'"-9 &12 .)'<"*9.0"3+ﬁ3 ,71+1( "ﬀ)*, &12 7.+1( & '&*(" 17-:"* )/ .+-0'"8
0),"1,+&''> 7."/7' .,&,+.,+3&' -",*+3.5 61 3)1,*&.,8 )7* &+- +. ,) +1<".,+(&,"
;!",!"* & .+1('" -",*+3 X ,!" 3)-0*".."2 .+?" )/ ,!" 0*):'"- +1.,&13" X
0*)<+2". & *):7., ;&> ,) "1!&13" 0*"2+3,+)1 U7&'+,> ;+,!)7, &1> &22+,+)1&'
,71+1(5
4
 ! "#$% &'%(')"* +,& &'%'-&)# $% .+&' &'/-"'0 "+ (&'1$+,% 2+&3 +! "#' .$!4
$.,. 0'%)&$("$+! /'!5"# 6789: (&$!)$(/'; 789 $% - <,!0-.'!"-/ (&$!)$(/'*
%"-"$!5 "#-" "#' ='%" '>(/-!-"$+! +< - (#'!+.'!+! +& %'" +< 0-"- $% 5$1'!
=? $"% %$.(/'%" .+0'/* $;'; "#' .+0'/ "#-" '>(/-$!% "#' (#'!+.'!+! -!0 #-%
"#' %#+&"'%" 0'%)&$("$+! @ABC; D! "#' +!' #-!0* 789 $% %"&+!5/? &'/-"'0 "+
"#' (+(,/-& ED))-.F% &-G+&H (&$!)$(/' <+& I,05$!5 %)$'!"$ﬁ) "#'+&$'%* %"-"$!5
"#-" %$.(/'& "#'+&$'% %#+,/0 =' (&'<'&&'0 +1'& ,!!')'%%-&$/? )+.(/'> "#'+4
&$'%; D! "#' +"#'& #-!0* -!0 .+&' $.(+&"-!"/? <+& +,& &'%'-&)#* 789 $%
-/%+ %"&+!5/? &'/-"'0 "+ K+/.+5+&+1 )+.(/'>$"?; K+/.+5+&+1 )+.(/'>$"? $%
- 3$!0 +< )+.(&'%%$+! .'"#+0* ,%$!5 "#' %#+&"'%" 0'%)&$("$+! +< - L,&$!5
.-)#$!' )-(-=/' +< 5'!'&-"$!5 - 5$1'! %"&$!5 -% "#' %"&$!5F% )+.(&'%%'0 %$G'
@AMC; N!<+&",!-"'/?* )+.(,"$!5 "#' K+/.+5+&+1 )+.(/'>$"? +< - %"&$!5 $%
$!"&-)"-=/' $! 5'!'&-/* =," -((&+>$.-"$+!% -&' (+%%$=/';
O+.' &'%'-&)#'&% ,%'0 789 '>(/$)$"/? <+& %"&,)",&' $0'!"$ﬁ)-"$+!; L#'
O,=0,' %?%"'.* 0'1'/+('0 =? P++3 -!0 Q+/0'&* ,%'% 789 "+ %'/')" "#'
%#+&"'%" 0'%)&$("$+! +< - 5$1'! 5&-(#* 2#'&' !'2 )-!0$0-"' 0'%)&$("$+!% -&'
5'!'&-"'0 =? $0'!"$<?$!5 <&'R,'!" (-""'&!% $! "#' 5&-(# "#&+,5# - ='-.
%'-&)# @AS* TUC; O,=0,' #-% =''! %,))'%%<,//? -((/$'0 "+ - !,.='& +< &'-/4
2+&/0 (-""'&! .$!$!5 "-%3% $! 1-&$+,% 0+.-$!%* %,)# -% )#'.$)-/ )+.(+,!0
-!-/?%$%* $.-5' -!-/?%$%* -!0 "#' -!-/?%$% +< '/')"&+!$) )$&),$"%;
 ! -!+"#'& -((/$)-"$+! +< 789* 9,"G ,%'0 $" "+ ﬁ!0 "#' .+%" )+.(-)"
#$'&-&)#$)-/ 0')+.(+%$"$+! 6$;';* !'%"'0 .+0,/' %"&,)",&': +< - %+<"2-&' %?%4
"'. @TAC; 9,"G ,%'% - 5'!'"$) -/5+&$"#. "+ '1+/1' )-!0$0-"' #$'&-&)#$)-/
0')+.(+%$"$+!%V 0'%)&$("$+! /'!5"# $% ,%'0 -% "#' )+%" <,!)"$+!;
L#' .'"#+0% ,%'0 $! "#$% (-('& -&' %+.'2#-" %$.$/-& "+ "#+%' ,%'0 $!
O,=0,' -!0 $! "#' -/5+&$"#. +< 9,"G; Q+2'1'&* "#'&' -&' -/%+ %$5!$ﬁ)-!"
0$ﬀ'&'!)'%;  ! (-&"$),/-&* 2#$/' O,=0,' $% %'-&)#$!5 <+& <&'R,'!" (-""'&!%
-!0 "#' -/5+&$"#. +< 9,"G $% %'-&)#$!5 <+& #$'&-&)#$)-/ 0')+.(+%$"$+!%* +,&
2+&3 <+),%'% +! 5'!'&-/ )+!%"&,)"% $! - 5&-(# "#-" -&' "?($)-/ +< %"&,)",&'0*
&'-/42+&/0 5&-(#% 6';5;* (-"#% -!0 )/$R,'%:;
X$!-//?* 2' .'!"$+! "#' 2+&3 +< Q+55 +! Y((&+>$.-"' Z!"&+(? @TTC; Q$%
$!"'!" 2-% "+ -((/? "#' 3!+2/'05' -=+," "#' )+.(/'>$"? (&+ﬁ/' +< E(&+=/'.
'!%'.=/'%H 6';5;* &-!0+. 1'&%,% %"&,)",&'0: "+ %(')$ﬁ) (&+=/'. $!%"-!)'%* =?
$0'!"$<?$!5 -,"+.-"$)-//? "+ 2#$)# '!%'.=/' "#' (&+=/'. $!%"-!)' ='/+!5%;
X+& "#$% (,&(+%'* Q+55 (&+(+%'0 -! $!<+&.-"$+!4"#'+&'"$) -((&+-)#* &'%,/"4
$!5 $! "#' .'"&$) +< Y((&+>$.-"' Z!"&+(? "+ R,-!"$<? "+ 2#$)# '>"'!" "#'
5$1'! (&+=/'. $!%"-!)' $% &-!0+.;  ! "'&.% +< 5&-(# )+/+&$!5* Y((&+>$.-"'
Z!"&+(? $% =-%'0 +! "#' <&'R,'!)? +< 0$ﬀ'&'!" %,=5&-(#%;  ! +&0'& "+ 3''(
$" "&-)"-=/'* Q+55 (&+(+%'0 "+ +!/? /++3 -" %,=5&-(#% 2$"# ,( "+ [ 1'&"$)'%;
 ! )+!"&-%"* +,& -/5+&$"#. $!1'%"$5-"'% -/%+ .,)# =$55'& %,=5&-(#%* =," +!/?
"#+%' "#-" -&' #$5#/? %"&,)",&'0;
\
 ! "#$%&'&()#&$*
 !"#$%&# $%' ())'$(*# *(+ ,- ())!.-/ &-+-'(!!0 "$ *$1,.+("$'.(! (!2
&$'."#134 5- #(/ "$ *#$$3- 3)-*.ﬁ* ())!.*(".$+ /$1(.+3 7$' -8(!%(".+& ."9
:- *#$3- &'()# *$!$'.+& (+/ ;$$!-(+ 3(".3ﬁ(,.!."04 ,$"# $7 "#-1 1%*#2
.+8-3".&("-/ *$1,.+("$'.(! )'$,!-13 5."# 1(+0 /.ﬀ-'-+" ())!.*(".$+39
 !"! #$%&' ()*)$+,-
=+ "#- /-*.3.$+ 8-'3.$+ $7 &'()# *$!$'.+&4 5- ('- &.8-+ ( &'()# G (+/ (
)$3.".8- .+"-&-' k4 (+/ "#- "(3> .3 "$ /-*./- 5#-"#-' -(*# 8-'"-? $7 "#- &'()#
*(+ ,- (33.&+-/ $+- $7 "#- k *$!$'3 3%*# "#(" "#- *$!$' $7 (/@(*-+" 8-'".*-3
('- /.ﬀ-'-+"9 A#- 1.+.1%1 8(!%- $7 k4 3%*# "#(" G (/1."3 ( *$!$'.+& 5."#
k *$!$'3 .3 ."3 ('$).%/+( ,0.12$9 =+ "#- $)".1.B(".$+ 8-'3.$+ $7 "#- &'()#
*$!$'.+& )'$,!-14 5- ('- &.8-+ ( &'()# G4 (+/ "#- "(3> .3 "$ /-"-'1.+- ."3
*#'$1(".* +%1,-'9 =+ "#.3 )()-'4 5- 7$*%3 $+ "#- $)".1.B(".$+ 8-'3.$+ $7
"#- )'$,!-19
C$' $%' .+8-3".&(".$+34 5- %3-/ (+ -?(*" &'()# *$!$'.+& (!&$'."#1 "#("
%3-3 ,(*>"'(*> 3-('*# "$ "'(8-'3- "#- 3-('*# 3)(*- (+/ 3-8-'(! .+"-!!.&-+"
#-%'.3".*3 D7$' 8-'"-? 3-!-*".$+4 *$!$' 3-!-*".$+4 3011-"'0 ,'-(>.+&4 .+.".(!
(33.&+1-+" -"*9E "$ 1(>- ." (3 -ﬃ*.-+" (3 )$33.,!- GHIJ9  3 5."# $"#-' 31('"
-?(*" (!&$'."#13 7$' KL2#('/ )'$,!-134 "#.3 (!&$'."#1 (!3$ -?#.,."3 !('&-
8('.(+*-3 .+ ."3 '%+".1-9
:- %3-/ "5$ 7(1.!.-3 $7 )'$,!-1 .+3"(+*-3M
N9 O(+/$1 &'()#39 :- %3- "#- Gn,p 1$/-! Dn ∈ Z
+
(+/ 0 ≤ p ≤ 1 ('-
&.8-+ )('(1-"-'3EM "#- &'()# #(3 n 8-'".*-34 (+/ -(*# )(.' $7 8-'".*-3
.3 *$++-*"-/ 5."# )'$,(,.!."0 p4 .+/-)-+/-+"!0 7'$1 "#- $"#-' )(.'39
H9 O-(!25$'!/ ,-+*#1('>34 3"-11.+& 7'$1 .+3"(+*-3 $7 "#- O-&.3"-'  !2
!$*(".$+ L'$,!-1 DO LE9 O-&.3"-' (!!$*(".$+ .3 $+- $7 "#- 1$3" 5./-2
3)'-(/ ())!.*(".$+3 $7 &'()# *$!$'.+& GHPJ9 =+ )('".*%!('4 5- %3-/ "#-
&'()#3 1(/- )%,!.*!0 (8(.!(,!- ,0  +/'-5 :9  ))-! (+/ Q(! R-$'&- ("
 !!"#$$%%%&'(&")*+',!-+&,./$01"",2$3)1" .1!1$9 A#-3- ('- '-&2
.3"-' .+"-'7-'-+*- &'()#3 &-+-'("-/ ,0 S"(+/('/ TQ $7 K-5 U-'3-0
8-'3.$+ N9VW4 *$1).!.+& ."3-!79
A#- +%1,-' $7 8-'".*-3 .+ "#- %3-/ O L ,-+*#1('>3 5-'- ,-"5--+ IP (+/
IIX9 :#-+ &-+-'(".+& "#- '(+/$1 &'()#34 5- 5(+"-/ "$ 1(>- "#-1 *$12
)('(,!- "$ "#- O L &'()#39 A#-'-7$'-4 5- *'-("-/ 7$' -(*# O L &'()# $+-
'(+/$1 &'()# 5."# "#- 3(1- +%1,-' $7 8-'".*-3 (+/ ())'$?.1("-!0 "#- 3(1-
+%1,-' $7 -/&-39 C$' "#.3 )%')$3-4 5- *#$3- "#- 8(!%- $7 p 3%*# "#(" "#-
-?)-*"-/ +%1,-' $7 -/&-3 5.!! ,- "#- 3(1- (3 "#- +%1,-' $7 -/&-3 $7 "#-
O L &'()#9
:- 5.!! $7"-+ '-7-' "$ "#- (/@(*-+*0 1("'.? $7 ( &'()#9 C$' ( &'()# 5."#
8-'".*-3 v1, v2, . . . , vn4 "#.3 .3 (+ n × n21("'.?4 .+ 5#.*# "#- j"# -!-1-+" $7
"#- i"# '$5 .3 N .7 "#-'- .3 (+ -/&- ,-"5--+ vi (+/ vj 4 $"#-'5.3- ." .3 V9
Y
 !"! #$$%&'( )'*+)ﬁ'-+%+*.
 ! "#! $%&!' " ()$%*"( +)#,-(" )+ .))(!"' &"#%"/(!0 %' *)'1-'*2%&! ')#,"(
+)#,3 45"2 %06 25! +)#,-(" %0 25! *)'1-'*2%)' )+ *("-0!06 !"*5 *("-0! %0 "
7%01-'*2%)' )+ (%2!#"(06 "'7 !"*5 (%2!#"( %0 !%25!# " &"#%"/(! )# 25! '!$"2%)' )+
" &"#%"/(!3 8 )'*+)/.+(0 '))+0(1&(* %0 "' "00%$',!'2 )+ 2#-25 &"(-!0 2) 25!
&"#%"/(!0 0-*5 25"2 25! +)#,-(" !&"(-"2!0 2) 49:;3 <!#!6 =! 7!"( =%25 25!
*)-'2%'$ &!#0%)' )+ 25! >#)/(!,6 7!')2!7 "0 ?@846 %' =5%*5 25! $)"( %0 2)
*),>-2! 25! '-,/!# )+ 0"2%0+A%'$ "00%$',!'203
B)# 0)(&%'$ ?@84 >#)/(!, %'02"'*!06 =! -0!7 25! )2'34567 0)(&!#6 "
5%$5(A !ﬃ*%!'2 "($)#%25, %,>(!,!'2"2%)'6 "&"%("/(! +#),  !!"#$$%&'(! )'*+,-
 +*./ /0!-/'1$0 &'"234$.56+7- !%* "'7 7!0*#%/!7 %' DEFG3
45! 02#-*2-#!7 /!'*5,"#H >#)/(!,0 "#! 2"H!' +#),  !!"#$$8+9-(+(0-
"67-+6)$:8 )51$;<=>$3 45!0! "#! -$'389%&:&% 1;%*+9*&31+('% (&* 3$;*+(0
>#)/(!,06 "#%0%'$ %' BIJ8K/"0!7 5"#7="#! 7!0%$' DELG3 8*2-"((A6 25!0!
>#)/(!, %'02"'*!0 =!#! 2)) 5"#7 +)# 25! 0)(&!# 2) ﬁ'%05 %' "**!>2"/(! 2%,!3
45!#!+)#!6 =! *-2 25! %'02"'*!0 %' 2=) )# 25#!! >"#203 45! #!0-(2%'$ 0,"((!#
>#)/(!, %'02"'*!0 5"7 NFKEOF &"#%"/(!03 80 =! !P>!#%!'*!76 25! 5"(+ )+ "
02#-*2-#!7 /!'*5,"#H %0 02%(( Q-%2! 02#-*2-#!7 R"(25)-$5 " /%2 (!00S6 /-2 *-2K
2%'$ %'2) ,"'A 0,"(( >%!*!0 =)-(7 (!2 25! 02#-*2-#! 7%,%'%053
B)# !"*5 02#-*2-#!7 +)#,-("6 =! *#!"2!7 " #"'7), +)#,-(" =%25 25! 0",!
'-,/!# )+ &"#%"/(!0 "'7 *("-0!03 @%'*! 25! 02#-*2-#!7 +)#,-("! =!#! "((
0"2%0ﬁ"/(!6 =! ,"7! 0-#! 25"2 25! #"'7), +)#,-("! "#! "(0) 0"2%0ﬁ"/(!3 B)#
25%0 >-#>)0!6 =! $!'!#"2!7 " #"'7), "00%$',!'2 "'7 )'(A "(()=!7 *("-0!0 %'
25! #"'7), +)#,-(" 25"2 "#! 0"2%0ﬁ!7 /A 25%0 "00%$',!'23
T' )#7!# 2) ">>(A 25! J@8 "($)#%25,6 =! 5"7 2) 2#"'0+)#, 25! .))(!"'
+)#,-("! 2) $#">503  ! -0!7 25! +)(()=%'$ *)'02#-*2%)'U !"*5 &"#%"/(! %0
#!>#!0!'2!7 /A " &!#2!P6 "'7 2=) &!#2%*!0 "#! *)''!*2!7 /A "' !7$! %+ "'7
)'(A %+ 25!#! %0 " *("-0! *)'2"%'%'$ /)25 &"#%"/(!03
 ! ! <:'%;'*+$( /3'1&=$3>
80 >#)$#",,%'$ "'7 2!02%'$ !'&%#)',!'26 =! -0!7 .V846 25! .-7">!02
V),>(!P%2A 8'"(A0%0 4))(H%2 DENG3 .V84 ="0 7!0%$'!7 0>!*%ﬁ*"((A 2) +"K
*%(%2"2! 25! 7!&!()>,!'2 "'7 2!02%'$ )+ "($)#%25,03 T2 )ﬀ!#0 25! >)00%/%(%2A
2) 0!2 -> 7%ﬀ!#!'2 >#)/(!, *("00!06 "'"(AX!#0 )+ 25!0! >#)/(!,06 *)'&!#2!#0
25"2 2#"'0+)#, 25! %'02"'*!0 )+ " *!#2"%' >#)/(!, 2) 25! %'02"'*!0 )+ "')25!#
>#)/(!,6 "'7 "($)#%25,0 25"2 0)(&! 25! >#)/(!,03 8+2!#="#706 )'! *"' $%&!
25! 0!22%'$0 )+ 25! >#)$#", /A ,!"'0 )+ " *)'ﬁ$-#"2%)' ﬁ(!U
• =5"2 >#)/(!, %'02"'*!0 05)-(7 /! ()"7!7 )# $!'!#"2!76
• %'2) =5%*5 >#)/(!,0 05)-(7 25!A /! *)'&!#2!7 =%25 =5%*5 *)'&!#2!#06
• =%25 =5"2 "'"(AX!#0 05)-(7 25! >#)/(!,0 /! "'"(AX!76
• =5"2 "($)#%25,0 05)-(7 /! ">>(%!7 2) 0)(&! 25! >#)/(!, %'02"'*!03
N
 !"# $%&'(%)* +,% -.+/.+ $0+0 '1 *+).2+.)%$ ﬁ&%* +,0+ 201 4% %0*'&5 /)-2%**%$
%676 '1 0 */)%0$*,%%+ 0//&'20+'-16
81 +,% +%)9'1-&-75 -:  !"#; +,% 402<+)02< *%0)2, :-) 2-&-)'17 7)0/,*
01$ +,% *,0)/="# *-&(%) 0)%  !"#$%&'(); >,%)%0* +,% 0&7-)'+,9 $%*2)'4%$ '1
+,'* /0/%) :-) *+).2+.)% 010&5*'* 01$ 2-9/)%**'-1 -: 0 7)0/, '* 01  * !+,-$6
 ! "#$%& '(#)*()#+ ,-$./0+#
./0/ 1-2#(3#)%&%#* #4  "$ 3'
?% 1-> /)%*%1+ -.) @=" A@)0/, =+).2+.)% "10&5B%)C 0&7-)'+,9 +,0+
0'9* 0+ ﬁ1$'17 0 2-9/02+ $%*2)'/+'-1 -: 0 7)0/, 45 '$%1+':5'17 *+).2+.)%$
/0)+* -: +,% 7)0/,6 81 +,% :-&&->'17; +,%*% *+).2+.)%$ /0)+* >'&& 4% 20&&%$
#56-2&*6 ?% +)'%$ +- $%ﬁ1% -4D%2+ +5/%* +,0+ A'C 0)% .1&'<%&5 +- 4% 2)%0+%$
)01$-9&5; 4.+ 0)% +5/'20& -: *+).2+.)%$ 7)0/,* 01$ A''C 905 ,0(% *'71'ﬁ201+
'9/02+ -1 +,% ).1+'9% -: 2-94'10+-)'0& 0&7-)'+,9*6 #,%)%:-)%; >% $%ﬁ1%$
+,% :-&&->'17 -4D%2+ +5/%* AG = (V,E) '* +,% '1/.+ 7)0/,CE
• 7)-89#:2#(3!-&- "$ 3'E 0 *.47)0/, +,0+ '* 0&9-*+ 0 2-9/&%+% 7)0/,;
>'+, -1&5 0 *90&& 1.94%) -: %$7%* 9'**'176 #,0+ '*; 0 /*%.$-F2-9/&%+%
7)0/, -4D%2+ '* 7'(%1 45 +,% /0') (G′, X); >,%)% G′ = (V ′, E′) '* 01
'1$.2%$ *.47)0/, -: G 01$ (V ′, E′ ∪X) '* 0 2-9/&%+% 7)0/,6 G%)%; X
'* +,% *%+ -: 9'**'17 %$7%* 01$ +,.*; |X| '* 0**.9%$ +- 4% *90&&6
• 7)-89#:-(3&+ "$ 3'E 0 *.4F7)0/, +,0+ ,0* -1&5 0 *90&& 1.94%) -:
%$7%*6 #,0+ '*; 0 /*%.$-F%9/+5 7)0/, -4D%2+ '* 01 '1$.2%$ *.47)0/,
G′ = (V ′, E′); >,%)% |E′| '* 0**.9%$ +- 4% *90&&6
• 7 &'E 0 H 1-+ 1%2%**0)'&5 '1$.2%$ H *.47)0/, -: G +,0+ '* 0 /0+,6
• ;' #)E 01 '1$.2%$ *.47)0/, +,0+ '* +-- $%1*% +- 4% 0 /*%.$-F%9/+5
7)0/, 4.+ +-- */0)*% :-) 0 /*%.$-F2-9/&%+% 7)0/,6 8+ '* $%ﬁ1%$ 45 '+*
0$D02%125 90+)'I6
• <8$&'-$ =-$&-> E 201 4% 015 (%)+%I -: G6
8+ *,-.&$ 4% 1-+%$ +,0+ +,% ﬁ)*+ +,)%% -4D%2+ +5/%* 201 &%(%)07% +,% *+).2+.)%
-: +,% 7)0/,J +,% &0*+ +>- -4D%2+ +5/%* -1&5 *%)(% +,% /.)/-*% -: 2-9/&%+%1%**;
*- +,0+ +,% >,-&% 7)0/, 201 4% $%2-9/-*%$ '1+- +,% *%+ -: 0(0'&04&% -4D%2+
+5/%*6 K-)%-(%); +,'* 7%1%)'2 &'*+ -: -4D%2+ +5/%* 201 4% %I+%1$%$ >'+,
:.)+,%); /-**'4&5 /)-4&%9F*/%2'ﬁ2 -4D%2+ +5/%* ': 1%%$%$6
 %*'$% +,% -4D%2+*; >% 0&*- $%ﬁ1%$ +>- +5/%* -: 2#**-2&%#**E
• <8$&'-$ -9"-E 01 %$7% +,0+ '* 1-+ 2-1+0'1%$ '1 01 -4D%2+; 4.+ 2-11%2+*
+>- -4D%2+*6
L
•  !"#$%& !" #$$%! &'" %()"*&+ &% %,"-$#./ 01"1 # ,"-&"2 *#3 (" *%3&#03"4
03 5%-" &'#3 %3" %()"*&1 6%- &'0+ .7-.%+"/ 0& 57+& (" +."*0ﬁ"4 &'#&
,"-&"2 v1 03 %()"*& o1 0+ &'" +#5" #+ ,"-&"2 v2 03 %()"*& o21
9+03: &'" #(%," ; %()"*& &<."+ #34 = *%33"*&0%3 &<."+/ # +&-7*&7-#$ 4">
+*-0.&0%3 %? # :-#.' *#3 (" *%3+&-7*&"41 6-%5 &'0+ +&-7*&7-#$ 4"+*-0.&0%3/
&'" :-#.' *#3 (" -"*%3+&-7*&"4 73#5(0:7%7+$< #34 !0&'%7& $%++ %? 03?%-5#>
&0%31 @3 &'" %&'"- '#34/ &'"-" #-" +","-#$ .%++0(0$0&0"+ ?%- 4"*%5.%+03: #
:-#.'A #+ !" !0$$ +"" $#&"-/ 0& 0+ &'" 5#03 &#+B %? CDE &% ﬁ34 &'" ("+& +7*'
4"*%5.%+0&0%31
 !"#$% &' ()*+,-% "$*,.
F3 &'" ?%$$%!03:/ !" 0$$7+&-#&" &'" %()"*& #34 *%33"*&0%3 &<."+/ #34 '%!
&'"< *#3 (" 7+"4 &% *-"#&" # 4"+*-0.&0%3 %? # :-#.'/ %3 #3 "2#5.$"1 G" !0$$
7+" &'" :-#.' 03 60:7-" H1
 !"  #"  $"
 !"#$% /' 0122!3!-!4!%2 41 5%61+,12% 4.% "$*,. 17  !"#$% &
I'"-" #-" 5#3< .%++0(0$0&0"+ ?%- 4"*%5.%+03: &'0+ :-#.' 7+03: &'" #,#0$>
#($" %()"*& #34 *%33"*&0%3 &<."+/ "1:1 
J
•  !"#$ %& '()*#$ +, -".( /! %& 0(1#23(4 B,C,D,E, F 5 " !4(/.%6
3%-!'(#( *1"!$ 72#$ + 0(1#23(4 8A,B, F,G9 "). : -2442)* (.*( 8AG95
"). ; %0(1'"!4 8B "). F 9< =(( >2*/1( ;"<
•  !"#$ %& '()*#$ ?, -".( /! %& 0(1#23(4 A,B,C,D,E, F,G5 "). @
&/1#$(1 (.*(4 8BG, BF , AF 9< =(( >2*/1( ;A<
•  !"#$ %& '()*#$ +, -".( /! %& 0(1#23(4 E,F,A,B,C5 " !4(/.%6(-!#B
*1"!$ 72#$ @ 0(1#23(4 8G,C,E9 "). C (.*(5 " &/1#$(1 0(1#(D 8D95 E
&/1#$(1 (.*(4 8FB,FG,GB,ED,EC95 "). ; %0(1'"!4 8E "). C9< =((
>2*/1( ;3<
F# 24 "!!"1()# &1%- #$24 (D"-!'( #$"#, 7$2'( "'' #$1(( !1(4()#(. .(3%-!%6
42#2%)4 "1( 0"'2., #$(B "1( )%# (G/"''B .(4312!#20( %& #$( 4#1/3#/1( #$"# 24
2)#/2#20('B 0242A'( #% $/-")4 &1%- >2*/1( :< F) !"1#23/'"1, #$( #$21. .(3%-6
!%42#2%) 24 3'("1'B -%1( 0(1A%4( #$") #$( ﬁ14# #7% "). "'4% '(44 /4(&/' 2)
#(1-4 %& 4#1/3#/1"' .(4312!#2%)< I$24 24 2) '2)( 72#$ #$( JKL !12)32!'(M #$(
4$%1#(4# .(4312!#2%) B2('.4 #$( -%4# 2)42*$# 2)#% #$( 4#1/3#/1(<
 !"! #$% &'(% )*+ ' ,%-%./& '0,*+/.$1
F) "33%1.")3( 72#$ #$( JKL !12)32!'(, #$( "2- %& N= 24 #% ﬁ). " .(3%-6
!%42#2%) %& #$( *1"!$ 72#$ -2)2-/- .(4312!#2%) '()*#$< =/3$ .(3%-!%42#2%)4
"1( $"1. #% ﬁ). %!#2-"''B, "4 4$%7) AB #$( OP6$"1.)(44 1(4/'#4 %) 4%-( 1(6
'"#(. !1%A'(-4 Q;R, ;S, @CT< =2)3( 7( )((. " G/23U "'*%12#$- #$"# .('20(14
" *%%., A/# )%# )(3(44"12'B %!#2-"' 1(4/'#, 7( 4(##'(. &%1 /42)* " $(/124#23<
I$( /4( %& " *()(#23 "'*%12#$- 7"4 -%#20"#(. AB #$( *()(#23 "'*%12#$- %&
L/#V #% "##"3U " 1('"#(. !1%A'(- Q;:T< N()(#23 "'*%12#$-4 $"0( A(() /4(.
(D#()420('B 2) #$( '"4# .(3".(4 #% 4%'0( " )/-A(1 %& $"1. %!#2-2V"#2%) !1%A6
'(-45 #$(B $"0( !1%0(. #% %ﬀ(1 *%%. 3$"1"3#(124#234 2) #(1-4 %& 1%A/4#)(44
"). )%24( #%'(1"#2%), "). "1( G/2#( (ﬃ32()# ./( #% #$(21 2-!'232# !"1"''('24-
Q@:T, -"U2)* #$(- " '/31"#20( 4%'/#2%) &%1 %/1 !/1!%4(4<
Y()3(, N= 24 " *()(#23 "'*%12#$-, 2) 7$23$ #$( 2).202./"'4 "1( .(3%-6
!%42#2%)4 %& #$( 2)!/# *1"!$< I$( 3%4# %& ") 2).202./"' 24 2#4 .(4312!#2%)
'()*#$, "). #$( "2- 24 #% -2)2-2V( 3%4#< I$1%/*$ (0%'/#2%), N= 24 3"!"A'(
%& ﬁ).2)* ") 2).202./"' %& " 1('"#20('B 4$%1# .(4312!#2%)<
Z) #$( %#$(1 $")., #$( "."!#"#2%) %& #$( 3%)3(!# %& *()(#23 "'*%12#$-4
#% %/1 !"1#23/'"1 #"4U 7"4 G/2#( 3$"''()*2)*< I$( "!!'23"#2%) %& " *()(#23
"'*%12#$- 24 4#1"2*$#6&%17"1. 2& 2).202./"'4 3") A( 1(!1(4()#(. 2) " )"#/1"'
7"B "4 " '2)("1 4#12)*5 *()(#23 %!(1"#%14 '2U( -/#"#2%) "). 1(3%-A2)"#2%)
3") #$() A( "!!'2(. 2) #$( 4#")."1. 7"B< F) %/1 3"4(, 2).202./"'4 1(!1(4()#
.(3%-!%42#2%)4 %& *1"!$4 2)#% .2ﬀ(1()# %A[(3#4 /42)* .2ﬀ(1()# 3%))(3#2%)4 \
" $2*$'B )%)6'2)("1 !1%A'(-, !%42)* 4(0(1"' 3$"''()*(4 2) #$( "!!'23"#2%) %&
#$( *()(#23 "'*%12#$- !"1".2*-<
F) #$( &%''%72)*, 7( .(4312A( $%7 7( #"3U'(. #$24 3$"''()*(< ]( .(4312A(
2) .(#"2' #$( 3%4# &/)3#2%), #$( 31("#2%) %& #$( 2)2#2"' !%!/'"#2%), "). #$(
*()(#23 %!(1"#%14<
:C
 !"! #$% &'() *+,&)-',
 ! "#$%# &" $%ﬁ!% &(% )"*& +,!)&-"!. / )"!0%!&-"! -* !%%$%$ &" $%*)#-1% /
$%)"23"*-&-"! "+ &(% -!3,& 4#/3( G 15 2%/!* "+ /! ,!/21-4,",*65 $%)"$/16%
1-& *&#-!47 8,# )"$-!4 *)(%2% -* 1/*%$ "! &(% -$%/ &(/&. +"# %/)( "19%)&
"# )"!!%)&-"! &53%. ﬁ#*& &(% !,21%# "+ ")),#%!)%* -* 4-0%!. +"66":%$ 15 &(%
*%;,%!)% "+ &(% $%*)#-3&-"!* "+ &("*% "19%)&* "# )"!!%)&-"!*7 <(-* 4,/#/!&%%*
&(/& &(% :("6% $%*)#-3&-"! -* -!$%%$ $%)"$/16%7
 !"#$ %& '()*+, -./$0$
=/&/ >#7 "+ 1-&*
 >#7 "+ 0%#&-)%* "+ &(% -!3,& 4#/3( ?n@ )"!*&/!&
! >#7 "+ 3*%,$"A)"236%&% *,14#/3(* ⌈log2 n⌉
" .'/ %0&$ 1(%+2'3&'415%)% (+67/01$8
# >#7 "+ 0%#&-)%* -! &(% 3*%,$"A)"236%&% *,14#/3( ?v@ ⌈log2 n⌉







% .'/ %0&$ 4-((-,7 %27%8
& B!$ 0%#&-)%* "+ &(% 2-**-!4 %$4% 2 ⌈log2 v⌉
' >#7 "+ 3*%,$"A%23&5 *,14#/3(* ⌈log2 n⌉
( .'/ %0&$ 1(%+2'3%41)9 (+67/01$8
 ) >#7 "+ 0%#&-)%* -! &(% 3*%,$"A%23&5 *,14#/3( ?v@ ⌈log2 n⌉







 ! .'/ %0&$ %27%8
 " B!$ 0%#&-)%* "+ &(% %$4% 2 ⌈log2 v⌉
 # >#7 "+ 3/&(* ⌈log2 n⌉
 $ .'/ %0&$ 10)$8
 % >#7 "+ 0%#&-)%* -! &(% 3/&( ⌈log2 n⌉
 & >#7 "+ )(/"*%* ⌈log2 n⌉
 ' .'/ %0&$ &$0'(8
 ( >#7 "+ 0%#&-)%* -! &(% )(/"* ?v@ ⌈log2 n⌉
!) C$9/)%!)5 2/&#-D "+ &(% )(/"*
v(v−1)
2
! >#7 "+ +,#&(%# 0%#&-)%* ⌈log2 n⌉







!" .'/ %0&$ *+/)$%/ %27%8
!# .'/ %0&$ %,2 :%/)%; '* )$% %27%8
!$  $%!&-ﬁ%# "+ &(% "19%)& ⌈log2 o⌉
!%  $%!&-ﬁ%# "+ &(% 0%#&%D :-&(-! &(% "19%)& ⌈log2 v⌉
!& >#7 "+ 0%#&-)%* 3#%*%!& -! 2"#% &(/! "!% "19%)& ?"0%#6/3*@ ⌈log2 n⌉
!' .'/ %0&$ ':%/5018
!( >#7 "+ "19%)&* &(/& &(% 4-0%! 0%#&%D 1%6"!4* &" ⌈log2 o⌉
") .'/ %0&$ (+&$ '6<%&)8
"  $%!&-ﬁ%# "+ &(% "19%)& ⌈log2 o⌉













 ! ! "#$%$&' ()(*'&%$)#
 !" #$#%#&' ()(*'&%#)$ +!)*', -)$%&#$ +)." /&'#, ,"-).()+#%#)$+ %!&% &0"
"&+1 %) -0"&%"2  !"0" &0" %3) %0#/#&' ,"-).()+#%#)$+4 "&-! /"0%"5 #+ &$ )67"-%
8& 9:*0%!"0 /"0%"5;< )$ #%+ )3$= )0 %!" 3!)'" >0&(! #+ & +#$>'" )67"-% 8& -!&)+<2
?)3"/"0= #% #+ 6"$"ﬁ-#&' #: %!" #$#%#&' ()(*'&%#)$ &'0"&,1 -)$%&#$+ A*#%" >)),
#$,#/#,*&'+= 6"-&*+" %!*+ 3" -&$ 0",*-" %!" $*.6"0 ): >"$"0&%#)$+ $"-"++&01
6":)0" 0"&-!#$> %!" ﬁ$&' 0"+*'%2
 !"#$% &' (%#$!)*!+ ,-$ "%.%$/*!." /. !.0!1!0#/2 !. *3% !.!*!/2 4-4#2/*!-.
 !"0":)0"= 3" ,"/#+", & !"*0#+%0#- %!&% >0"",#'1 >0)3+ )%!"0 )67"-%+ &+
3"''2 B+ & +#.('" 0*'" :)0 -0"&%#$> (+"*,)C-).('"%" &$, (+"*,)C".(%1
>0&(!+= #% -)$+#,"0+ +)." /"0%#-"+ $)% 1"% -)/"0", 61 %!" &'0"&,1 -0"&%",
)67"-%+= &$, %*0$+ %!". D ,"("$,#$> )$ %!" $*.6"0 ): ",>"+ 6"%3""$ %!".
D #$%) & (+"*,)C-).('"%" +*6>0&(!= & (+"*,)C".(%1 +*6>0&(!= )0 & -!&)+
8+"" E#>*0" F<2
 !+! ,*%&%$)#
G$ HIB= 3" %0#", %) #.('"."$% .*%&%#)$ #$ &$ #$%"''#>"$% 3&1= +) %!&%
%!" $"3 #$,#/#,*&' 0"+*'%#$> :0). .*%&%#)$ 3#'' (0)6&6'1 !&/" & ')3 -)+%
/&'*"2
HIB ".(')1+ +"/"$ %1("+ ): .*%&%#)$J #$ "&-! %1("= %!"0" &0" .*'%#('"
+("-#ﬁ- .*%&%#)$ )("0&%#)$+2 K&-! .*%&%#)$ )("0&%#)$ !&+ & >#/"$ (0)6&C
6#'#%1J %!"+" (0)6&6#'#%#"+ &0" #.()0%&$% (&0&."%"0+ %!&% .&1 6" %*$", %)
LM
 !"#$%& '(& )*+$# '(!,- "&#.$#!)/0&1 2(& -&%&/ !3')' $/ '4"&- )#& )- .$*5
*$6-7
81 9#&)' $/ $. ) /&6 $:;&0'1
<1 =&*&' $/ $. )/ $:;&0'1
>1 ?/0#&)- /+ '(& - @& $. )/ $:;&0'1
A1 =&0#&)- /+ '(& - @& $. )/ $:;&0'1
B1 9$/%&#' /+ )/ $:;&0' '$ )/$'(&# $:;&0' '4"&1
C1 D&#+ /+ '6$ $:;&0'-  /'$ ) - /+*& $:;&0'1
E1 F"* '' /+ )/ $:;&0'  /'$ '6$ $:;&0'-1
2(& -"&0 ﬁ0 !3')' $/ $"&#)' $/- $. &)0( '4"& )#& H&-0# :&H  / '(& I"5
"&/H J1
 !"! #$%&'()*+,)&*
?/ KFIL #&0$!: /)' $/ 0#&)'&- $/& $ﬀ-"# /+ .#$! '6$ ")#&/'-1 ?' 6$#N-
:4 ')N /+ ) -3:-&' $. '(& 3/ $/ $. $:;&0'- "#&-&/'  / '(& ")#&/'-L )/H &J5
'&/H /+ '( - 6 '( .3#'(&# %&#' 0&- )/H &H+&- )- /&0&--)#4 '$ $:') / ) H&0$!5
"$- ' $/ 0$%&# /+ )** %&#' 0&- $. '(&  /"3' +#)"(1
2(& N&4 O3&-' $/  -L 6( 0( $:;&0'- .#$! '(& 3/ $/ $. '(& $:;&0'- $. '(&
")#&/'- '$ -&*&0'1 P%&/  . '(& ")#&/'- '(&!-&*%&- )#& O3 '& ﬁ'L  1&1 '(&4 #&"5
#&-&/' 0$!")0' H&-0# "' $/- $. '(&  /"3' +#)"(L ')N /+ #)/H$! $:;&0'- .#$!
'(& # 3/ $/ !)4 *&)H '$ ) ( +(*4 #&H3/H)/' )/H '(3- /$' %&#4 ﬁ' $ﬀ-"# /+1
2()'  -L 6& -($3*H ')N& $:;&0'- '()' 0$%&# )- !30( )- "$-- :*& .#$! '(&  /"3'
+#)"(L 6( *& ! / ! @ /+ '(& #&H3/H)/04 :&'6&&/ '(&!1
2(&#&.$#&L 6& 3-& '(& .$**$6 /+ (&3# -' 01 Q& ')N& $:;&0'- $/& :4 $/&
#)/H$!*4 .#$! '(& ")#&/'-L :3' '(& -&*&0' $/ "#$:): * ' &- )#& )H;3-'&H  /
&)0( -'&" :)-&H $/ '(& ):$%&  H&)1 2(& -&*&0' $/ "#$:): * '4 $. )/ $:;&0'  -
!$/$'$/$3-*4  /0#&)- /+  / '(& /3!:&# $.  '- %&#' 0&- '()' )#& /$' 0$%&#&H
:4 '(& $:;&0'- )*#&)H4 -&*&0'&HL )/H !$/$'$/$3-*4 H&0#&)- /+  / '(& /3!:&#
$.  '- %&#' 0&- '()' )#& )*#&)H4 0$%&#&H :4 "#&% $3-*4 -&*&0'&H $:;&0'-1
 !-! ./$+,)*0 ,1$ *$2, 0$*$/+,)&*
?/ &)0(  '&#)' $/L '(& /&J' +&/&#)' $/  - 0#&)'&H 3- /+ !3')' $/L #&0$!5
: /)' $/L )/H 0$"4 /+ $. -$!&  /H % H3)*- .#$! '(& $*H "$"3*)' $/1 R$# )**
'(&-& $"&#)' $/-L  /H % H3)*- )#& -&*&0'&H #)/H$!*4L :3' '(& -&*&0' $/ "#$:5
): * '4 $. )/  /H % H3)*  - !$/$'$/$3-*4 H&0#&)- /+  /  '- 0$-'1
 ! "#$%&%'() &*+,)-+
3!4! 5+/+'$,$/ ,6*)*0
S3# )*+$# '(! &J( : '- ) *)#+& /3!:&# $. ")#)!&'&#-1 2( -  - !) /*4
H3& '$ '(& ( +( /3!:&# $. )%) *):*& !3')' $/ $"&#)' $/-7 '(&#& )#& )*!$-'
>T !3')' $/ $"&#)' $/- U / E +#$3"-VL )/H '(& "#$:): * '4 $. &)0( !3')' $/
8A
 !"#$%& ' &( $ !$#$)"%"#* +,( - %." / '(%#0/%& '  1 %." '"2 3"'"#$%& ' 1# )
%."  ,4  '" &( 3 5"#'"4 67 ("5"#$, !$#$)"%"#( 2.&/. (!"/&17 . 2 )$'7 &'4&8
5&40$,( $#" /#"$%"4 67 )0%$%& '- #"/ )6&'$%& '-  # (&)!," / !7&'3 1# ) %."
% ! x !"#/"'%  1 %."  ,4 ! !0,$%& '* 9."#"1 #"- ﬁ'4&'3 %." 6"(% !$#$)"%"#
/ 'ﬁ30#$%& ' 2$( $ #"$, /.$,,"'3"* +' ";.$0(%&5" ("$#/.  1 $,, ! ((&6," !$8
#$)"%"# / 'ﬁ30#$%& '( 2$(  65& 0(,7 ' % ! ((&6,"- ' % "5"' &1  ',7 $ .$'410,
 1 ! ((&6," 5$,0"( .$4 6""' %#&"4 1 # "$/. !$#$)"%"#*
<" /#"$%"4 $ ()$,, %#$&'&'3 ("%- / '(&(%&'3  1 = (%#0/%0#"4 3#$!.( >2&%.
%." '0)6"#  1 5"#%&/"( 6"%2""' ?@ $'4 A@BC $'4 D (&)&,$# #$'4 ) 3#$!.( 1 #
"$/. (%#0/%0#"4 3#$!.- &*"* DE 3#$!.( &' % %$,* <" .$4 % F""! %." (&G"  1
%." %#$&'&'3 ("% ()$,, &'  #4"# % F""! %." % %$, %&)" '""4"4 1 # !$#$)"%"#
%0'&'3 &' $ #"$( '$6," #$'3"* >H1 / 0#("- %." 3#$!.( &' %." %#$&'&'3 ("% 2"#"
 ',7 0("4 1 # !$#$)"%"# %0'&'3- $'4 2"#" 4&(/$#4"4 $1%"#2$#4(*C
I' %." ﬁ#(% # 0'4  1 ";!"#&)"'%(- 2" 4"$,% 2&%. %." #",$%&5" !# 6$6&,&%&"(
 1 %." )0%$%& '  !"#$%& ' 2&%.&'  '" )0%$%& ' 3# 0!- &'4"!"'4"'%,7 1# )
$,,  %."# !$#$)"%"#(* +1%"# %#7&'3 A@8AB 4&ﬀ"#"'% 5$,0"( 1 # $,,  1 %."("
!$#$)"%"#(- %."7 2"#" ﬁ;"4  '" 67  '" % %." 5$,0" %.$% ,"4 % %." 6"(%
/ )!#"((& ' #$%&  ' %." %#$&'&'3 ("%* 9."(" !$#$)"%"# 5$,0"( 2"#" F"!% &'
$,, ,$%"# ";!"#&)"'%( $( 2",,*
I' %." '";% (%$3"- 2"  !%&)&G"4 %." #",$%&5" !# 6$6&,&%&"(  1 %." K )0%$8
%& ' 3# 0!(* I' $44&%& '- 2" $,( / '(&4"#"4 $( $' 8th !$#$)"%"# %." '0)6"#
 1 ",")"'%$#7 )0%$%& ' (%"!( /$##&"4  0%  ' $' &'4&5&40$, %.$% 2$( (","/%"4
1 # )0%$%& '* I'  #4"# % ﬁ'4 $ 3  4 / )6&'$%& ' 1 # %."(" = !$#$)"%"#(-
2" ")!, 7"4 $ 3#""47 .&,,8/,&)6&'3 ."0#&(%&/ &' %." !$#$)"%"# (!$/"* 9.$%
&(- 2" (%$#%"4 2&%. $ #$'4 ) !$#$)"%"# / 'ﬁ30#$%& '- $'4 &' "$/. (%"!- 2"
/ '(&4"#"4 %." (,&3.% &'/#"$("  # 4"/#"$("  1 $ !$#$)"%"#L (0/. $ /.$'3" 2$(
 ',7 /$##&"4  0% &1 &% &)!# 5"4 %." / )!#"((& ' #$%& $/.&"5"4  ' %." %#$&'8
&'3 ("%* 9." ."0#&(%&/ (% !!"4 2."' $ , /$,  !%&)0) 2$( #"$/."4- &*"* &1
' !$#$)"%"# / 0,4 6" /.$'3"4 2&%. 0% 2 #%."'&'3 %." / )!#"((& ' #$%& *
9.&( !# /"40#" 2$( /$##&"4  0% )0,%&!," %&)"(- #"(%$#%&'3 1# ) $ '"2 #$'4 )
!$#$)"%"# / 'ﬁ30#$%& '*
9." !$#$)"%"#( %.$% 3 5"#' . 2 %." '"2 ! !0,$%& ' &( /#"$%"4 1# ) %."
 ,4  '" 2"#"  !%&)&G"4 67 )"$'(  1 $ ("/ '4 .&,,8/,&)6&'3* I'%"#"(%&'3,7-
&% %0#'"4  0% %.$% )0%$%& ' &( ) #" 0("10, %.$' #"/ )6&'$%& ' $'4 %.$%
/ !7&'3  1 &'4&5&40$,( 2&%. 0% $,%"#$%& ' &( ' % '""4"4 $% $,,* I' %." ﬁ'$,
/ 'ﬁ30#$%& '- ?@M  1 %." '"2 ! !0,$%& ' &( ﬁ,,"4 67 )0%$%& '- E@M &( ﬁ,,"4
67 #"/ )6&'$%& '*
N&'$,,7- 2" ";!"#&)"'%"4 2&%. 4&ﬀ"#"'% ! !0,$%& ' (&G"( $'4 4&ﬀ"#"'%
(% !!&'3 /#&%"#&$* <" 1 0'4 %.$% 1 # 6&33"# 3#$!.( 2" '""4 "&%."# ) #" &'4&8
5&40$,(  # ) #" 3"'"#$%& '( % #"$/. $ #"$( '$6," ( ,0%& ' %.$' 1 # ()$,,"#
3#$!.(* O 2"5"#- %.&( .$(  65& 0(,7 $' &)!$/%  ' %." #0''&'3 %&)"  1 PQ+*
I' %." "'4- 2" ("%%,"4 1 # $ / 'ﬁ30#$%& ' &' 2.&/. %." (&G"  1 %." ! !0,$%& '






 !"! #$%&'()*+ ,)+,-./0/. ,'(1*/22 &(/1)34)$*
 ! "#$ !$%" &'(!) '* $%+$&,-$!"./ '(& 0,- 10. "' )$"$&-,!$ "' 1#0"
$%"$!" "#$ 234 056'&,"#- *(5ﬁ5. '(& '&,6,!05 6'05./ 0!) #'1 ," 8'-+0&$. "'
'"#$& -$"#'). *'& 6&0+# 8'-+&$..,'!9 3+$8,ﬁ8055:/ 1$ 8'-+0&$) ," "' "#$
*'55'1,!6 -$"#').;
• 567 ; "#$ 0)<08$!8: -0"&,% '* "#$ 6&0+# ,. 1&,""$! "' 0 ﬁ5$/ 1#,8# ,.
"#$! 8'-+&$..$) (.,!6 0 ."0!)0&) =,+ 0&8#,>$&9
• 789 ; .,-,50& "' ? @/ A(" (.,!6 "#$ -'&$ 0)>0!8$) @4BC 8'-+&$..,'!
+08D06$9
• :;<1;/; "#$ 6&0+# ,. 0!05:=$) (.,!6 3(A)($ EFC/ GHIJ "#$ *'(!) *&$K
L($!" +0""$&!. '* "#$ 6&0+# 0&$ &$+508$) A: 0 .,!65$ >$&"$% 1,"# 0 &$*K
$&$!8$ "' "#$ $%"&08"$) .(A."&(8"(&$/ "#$&$A: 8'-+&$..,!6 "#$ 6&0+#M.
)$.8&,+",'!9
• :;<1;/-(/3;(2)0/; 3(A)($ 05.' .(++'&". 0 &$8(&.,>$ -')$/ ,! 1#,8#
"#$ .0-$ +&'8$)(&$ ,. 8055$) *'& "#$ 8'-+&$..$) 6&0+# $"89/ 5$0),!6 "'
-(5",+5$ ,"$&0",'!. '* "#$ 056'&,"#-9
 " ,. ,-+'&"0!" "' !'"$ "#0" "#$ 'A<$8",>$ '* "#,. &$.$0&8# 10. "' A$ 0A5$
"' +&$),8" .'5>$& +$&*'&-0!8$ A0.$) '! 8'-+&$..$) +&'A5$- .,=$J #$!8$/ "#$
0,- '* "#$ 8'-+0&,.'! ,. "' )$"$&-,!$ 1#,8# 056'&,"#- ,. A$." .(,"$) *'& "#,.
+(&+'.$9
 !"#$% &'( )!*+,"$-. ,/ %-*0 -12 3-$2 4$,56%. !1*+-17%*8 5-*%2 ,1 +3%!$ #17,.9
4$%**%2 *!:%
FC
 !"#$% &&' (!)*+"$,- +. %,)/ ,01 2,$1 3$+45%- !0)*,06%)7 4,)%1 +0 *2%!$ 6+-8
3$%))%1 )!9% ,.*%$ 6+-3$%))!+0 #)!0" :;<
 !"#$% &=' (!)*+"$,- +. %,)/ ,01 2,$1 3$+45%- !0)*,06%)7 4,)%1 +0 *2%!$ 6+-8
3$%))%1 )!9% ,.*%$ 6+-3$%))!+0 #)!0" <>?@
 !" #$%#"&'#()* "#+#,-#. ,( &()#"#*)&(/ .&012)2'34 )1#"# 5#"# %"26-#'
&(*),(0#* )1,) )1# *2-+#" 02!-. *2-+# 5&)1&( 789 '&(!)#*: ,(. )1#"# 5#"# 2)18
#"* )1,) )1# *2-+#" .&. (2) *2-+# 5&)1&( 9; 12!"*< =2: 2( , 1&/1 -#+#-: 5# 0,(
.&ﬀ#"#()&,)# 6#)5##( #,*3 ,(. 1,". %"26-#' &(*),(0#*< ?#(0#: 5# )#*)#. )2
51,) #$)#() )1# .&ﬀ#"#() 02'%"#**&2( '#)12.* 0,( 6# !*#. ,* 6,*&* @2" 0-,*8
*&@3&(/ %"26-#' &(*),(0#* ,* #,*3 2" 1,".< A1# "#*!-)* ,"# *125( &( B&/!"#*
9C
 !"#$% &'( )!*+,"$-. ,/ %-*0 -12 3-$2 4$,56%. !1*+-17%*8 5-*%2 ,1 +3%!$ 7,.9
4$%**%2 *!:% -/+%$ 7,.4$%**!,1 #*!1" ;#52#%
 !"#$% &<( )!*+,"$-. ,/ %-*0 -12 3-$2 4$,56%. !1*+-17%*8 5-*%2 ,1 +3%!$ 7,.9
4$%**%2 *!:% -/+%$ 7,.4$%**!,1 #*!1" ;#52#%9$%7#$*!=%
 !" #$ %& '(( )* +,-.- ﬁ012-.3 ,'24 5&.+'&6-. +-&4 +) ,'7- ,50,-2 86)9:2-..-4
)23 5& +,- 6'.- )* ;5012-  !3 1&6)9:2-..-4< .5=- +,'& -'.> 5&.+'&6-.$ ?,'+
5.3 5&.+'&6-. 6'& @- 6'+-0)25=-4 @'.-4 )& .5=-$ A)B-7-23 +,-2- 5. '& )7-2(':
@-+B--& +,- +B) 6127-.3 (-'45&0 +) '& -22)2 5& +,- 6'+-0)25='+5)&C .5&6- +,-
)7-2(': 5. 45ﬀ-2-&+ 5& -'6, ﬁ012-3 .) 5. +,- -22)2$ E'.-4 )& +,- ﬁ012-.3 5+ 6'&
@- .--& +,'+ +,- )7-2(': F '&4 ,-&6- +,- :2-4565)& -22)2 F 5. ('20-.+ B5+, +,-
G 
 !"#$% &'( )!*+,"$-. ,/ %-*0 -12 3-$2 4$,56%. !1*+-17%*8 5-*%2 ,1 +3%!$ 7,.9
4$%**%2 *!:% -/+%$ 7,.4$%**!,1 #*!1" ;<=
 !"#$$%!& '()*+,- .*(/ 0$%/1 )*( 0/!+'23($$(, $%4( +5 )*( 23+6"(' %/$)#/!(7
8"" %/9($)%1#)(, !+'23($$%+/ '()*+,$ :%(", $'#""(3 +9(3"#27 ;*( +9(3"#2 %$
$'#""($) %/ )*( !#$( +5 <=87
>-56% ?( @$$,$ ,/ ,4+!.-6 7-+%",$!:-+!,1 5-*%2 ,1 A#17,.4$%**%2 ,$ 7,.4$%**%2B
*!:%C <.-66%$ 1#.5%$* -$% 5%++%$C







E/ +3,(3 )+ N0#/)%5: )*($( ﬁ/,%/1$- .( #$$0'( )*( 6($) 2+$$%6"( !#)(1+K
3%4#)%+/ )*#) 23(,%!)$ #/ %/$)#/!( )+ 6( (#$: %5 %)$ $%4( %$ 0/,(3 # )*3($*+",
x0 #/, *#3, %5 %)$ $%4( %$ #6+9( x07 ;*( +2)%'#" )*3($*+", !#/ 6( 5+0/, 6:
'%/%'%4%/1 )*( (33+3 |{/0'6(3 +5 (#$: %/$)#/!($ #6+9( x0}| + |{/0'6(3 +5
*#3, %/$)#/!($ 6("+. x0}|7 ;*( 3($0")%/1 (33+3 3#)%+$ #3( $*+./ %/ ;#6"( @7
;*($( /0'6(3$ $*+. )*#) <=8 !#/ #!*%(9( # !#)(1+3%4#)%+/ )*#) %$ # 5#!)+3
@ 6())(3 )*#/ )*( !"#$$%! '()*+, +5 3(":%/1 +/ )*( 0/!+'23($$(, $%4( +5 )*(
23+6"(' %/$)#/!(7
@@
 ! ! "#$%&'()* )+$,'(-&. '+)/($, %',0(-/(#)
 !"#$ %&$ '()*+$, !"-%."#$- +.*$++$/ 0&.(/1 !" %&$ .*)2$ #.%$3)(!4.%!)"
#."")% *$ -)+2$/ 5!%&!" ($.-)".*+$ %!,$6 5$ 7-$ %&$ 0$.-81 !"-%."#$- %)
"7,$(!#.++8 .--$-- %&$ 97.+!%8 ): -)+2$( (7"%!,$ '($/!#%!)"; <% -&)7+/ *$
")%$/ %&.% %&$ 0$.-81 !"-%."#$- .($ *8 ") ,$."- %(!2!.+
 
= %&$ 5)(/ 0$.-81
>7-% ,$."- %&.% %&$8 #." *$ -)+2$/ 5!%&!" ($.-)".*+$ %!,$;  ),$ ): %&$-$
!"-%."#$- #." *$ -)+2$/ 5!%&!" ,!++!-$#)"/-6 )%&$(- %.?$ -$#)"/- )( $2$" -),$
,!"7%$- %) -)+2$6 -) %&$($ .($ -%!++ ,7+%!'+$ )(/$(- ): ,.3"!%7/$ *$%5$$"
%&$,; @7( .!, !- %) !"2$-%!3.%$ %) 5&.% $A%$"% 7"#),'($--$/ )( #),'($--$/
-!4$ #." *$ 7-$/ .- %&$ *.-!- :)( '($/!#%!"3 -)+2$( (7"%!,$;
B- ,$"%!)"$/ $.(+!$(6 %&$ 5$.?"$-- ): %&$ #)"2$"%!)".+ .''().#& ): 7-C
!"3 %&$ !"'7% -!4$ .- %&$ *.-!- :)( '($/!#%!"3 -)+2$( (7"%!,$ !- %&.% !"'7%-
): %&$ -.,$ -!4$ #." +$./ %) -)+2$( (7"%!,$- ): 3($.% 2.(!."#$;  '$#!ﬁ#.++86
%&$($ %$"/- %) *$ . 3.' *$%5$$" %&$ #),'+$A!%8 )" (."/), ."/ -%(7#%7($/
!"'7%-; E&!- ,)%!2.%$- %&$ *.-!# !/$. ): )7( #),'.(!-)"F . #),'($--!)"
,$%&)/ !- 7-$:7+ :)( )7( '7(')-$- !: %&$ -)+2$(G- (7"%!,$ )" (."/), 2$(C
-7- -%(7#%7($/ !"'7%- ): %&$ -.,$ -#$%',11,0 -!4$ !- #+)-$( %) $.#& )%&$(
%&." %&$ -)+2$(G- (7"%!,$ )" (."/), 2$(-7- -%(7#%7($/ !"'7%- ): %&$ -.,$
+)-#$%',11,0 -!4$; E&$ -,.++$( %&$ 3.' *$%5$$" %&$ -)+2$(G- (7"%!,$ )"
(."/), 2$(-7- -%(7#%7($/ !"'7%- ): %&$ -.,$ #),'($--$/ -!4$6 %&$ *$%%$( %&$
#),'($--!)" ,$%&)/;
H.-$/ )" %&!- !"-!3&%6 5$ #." 2!-7.++8 /$,)"-%(.%$ %&$ 7-$:7+"$-- ): .
#),'($--!)" ,$%&)/ *8 /$'!#%!"3 %5) '.!(- ): :7"#%!)"-F
• E&$ -)+2$(G- (7"%!,$ )" (."/), ($-'$#%!2$+8 -%(7#%7($/ !"'7%- .- .
:7"#%!)" ): %&$ !"'7%G- +)-#$%',11,0 -!4$; I)( %&$ 3(.'& #)+)(!"3 #.-$
-%7/86 %&$-$ :7"#%!)"- 5!++ *$ #.++$/ 0JKL1 ."/ 0JBM16 ($-'$#%!2$+8;
• E&$ -)+2$(G- (7"%!,$ )" (."/), ($-'$#%!2$+8 -%(7#%7($/ !"'7%- .- .
:7"#%!)" ): %&$ !"'7%G- -#$%',11,0 -!4$; E&$-$ :7"#%!)"- 5!++ *$ #.++$/
0JKL #,'(1 ."/ 0JBM #,'(16 ($-'$#%!2$+8;
<: %&$ %5) +.%%$( #7(2$- .($ #+)-$( %) $.#& )%&$( %&." %&$ %5) :)(,$( #7(2$-6
%&$" %&$ #),'($--!)" ,$%&)/ #." *$ #)"-!/$($/ 7-$:7+;
H$-!/$ #),'.(!"3 %&$ '.!(- ): :7"#%!)"- 2!-7.++8 )" %&$ #&.(%-6 !% !- .+-)
7-$:7+ %) 97."%!:8 %&$ /!ﬀ$($"#$-; I)( %&!- '7(')-$6 5$ 7-$/ %5) ,$%(!#-;
@"$ !- %&$ -#'',.&/(#) *$%5$$" %&$ -)+2$(G- (7"%!,$ ."/ %&$ O#),'($--$/ )(
7"#),'($--$/P -!4$ ): %&$ '()*+$, !"-%."#$; I)( %&!-6 5$ #),*!"$ .++ ):
%&$ !"2$-%!3.%$/ '()*+$, !"-%."#$- Q !;$;6 *)%& (."/), ."/ -%(7#%7($/ Q !" .
-!"3+$ /.%.-$%; H8 ,$.-7(!"3 %&$ -)+2$(G- (7"%!,$ ."/ %&$ #),'($--$/ -!4$ ):
$.#& '()*+$, !"-%."#$6 5$ )*%.!" %5) /.%. -$(!$-6 ."/ 5$ #." #),'7%$ %&$!(
 
 ! "##$%&'(&) &*"%+ &*) $%), -'(.* /!#!'"0- (#-!'"&*1 "02)%&"-(&)% $. &! 4 · 10
6
%&(&)%




















 !"#$%&$'( !)&$'* &+" ,'!" )  !' !$)&" &+" %', !"--$'( ,"&+'# .'!  !"#$%&$(/
-'01"! !2(&$,"3
4$/2!" 56 -2,,)!$7"- '2! ,"&+'#'0'/8 .'! "1)02)&$(/ &+" )  !' !$)&"9
("-- '. ) %', !"--$'( ,"&+'#* 2-$(/ &+" 1$-2)0$7)&$'( '. &+" &:'  )$!- '.
.2(%&$'(-* &+" %'!!"0)&$'( %'"ﬃ%$"(&-* )(# &+"  !"#$%&$'( !)&$'3
 !"#$% &'( )%*#+,* -./!%0%1 23 "$-4/ .2+2$!3" #*!3" ,/% .+-**!. 5%,/216 !7%7 32
.254$%**!23
 !"#$% &8( )%*#+,* -./!%0%1 23 "$-4/ .2+2$!3" #*!3" ,/% 9:; .254$%**!23 5%,/21
<" %', )!"# =>? :$&+ @AB* B?C* >2D#2" )(# >2D#2"9!"%2!-$1"* $(
%'(("%&$'( :$&+ &+" "E)%& /!) + %'0'!$(/ )0/'!$&+, $, 0","(&"# $( FG?H*
IJ
 !"#$% &'( )%*#+,* -./!%0%1 23 "$-4/ .2+2$!3" #*!3" ,/% 567' .284$%**!23 8%,/21
 !"#$% 9:( )%*#+,* -./!%0%1 23 "$-4/ .2+2$!3" #*!3" ;#<1#%
 ! "#$ %&!' ( &!' %$&)*+ %)' ,-./0 1%&2#3 ($!"4 !$' 4! 5$6"4 ! 78 9#$
%$3:)"3 &%$ '$246"$' 4! ;41:%$3 <=*>>8 ?! "#$3$ 2) "3@ $&6# '&"& 2 4!" 43 "#$
&A$%&1$  B :2 " = ($&3:%$($!" %$3:)"38 ?" 3# :)' C$ ! "$' "#&" "#$ A$%"46&)
&D43 #&3 ) 1&%4"#(46 36&)$ 4! &)) 6&3$38
; % 3(&)) 34E$3@ "#$ -./ &!' -FG , % -./ 6(2% &!' -FG 6(2%0 B:!6*
"4 !3 &%$ 6) 3$ " $&6#  "#$% 4! $&6# 6&3$8 .3 "#$ 34E$ 4!6%$&3$3@ "#$ '4ﬀ$%$!6$
C$"+$$! "#$ "+ 6:%A$3 4!6%$&3$3 4! &)) 6&3$38 I +$A$%@ "#$%$ &%$ 341!4ﬁ6&!"
'4ﬀ$%$!6$3 4! "#$ %&"$ CK +#46# "#$ "+ B:!6"4 !3 '4A$%1$ B% ( $&6#  "#$%@
>L
 !"#$% &'( )%*#+,* -./!%0%1 23 "$-4/ .2+2$!3" #*!3" 5#61#%7$%.#$*!0%
 !"#$% &&( )%*#+,* -./!%0%1 23 "$-4/ .2+2$!3" #*!3" 859
 ! "#$%&!'( '#" )* '+#  &,-# )#'.##& '+# /%((#!0%&"1&, '(#&"-1&#!2 .+1/+
 (# !+%.& 1& 3 )-# 45 6& 0 ('1/7- (2 '+#* "18#(,# 8#(* ( 01"-* 1& '+# / !#!
.+#(# '+# +%(19%&' -  :1! !+%.! 7&/%$0(#!!#" !19# ;<1,7(# =>?2 '+# !19#  @'#(
/%$0(#!!1%& .1'+ A7)"7# ;<1,7(# BC? %( A7)"7#D(#/7(!18# ;<1,7(# B=?5 3+#
"1ﬀ#(#&/# ,(%.! -#!! ( 01"-* 1& '+# / !# %@ F6G ;<1,7(# =H?2  &" '+# !1'7 '1%&
1! #8#& )#''#( .1'+ GIJK ;<1,7(# =K?  &" LAI ;<1,7(# BB?5
I !1$1- ( /%&/-7!1%& / & )# "( .& @(%$ '+# M7 &'1' '18# (#!7-'!  ! .#--N
'+#!#  (# !+%.& 1& 3 )-# 45
B>
 !"#$ %& '(!)*+*!*+,$ -./0!1+2.) .3 *4$ +),$2*+5!*$6 -./01$22+.) /$*4.62 .)
51!04 -.#.1+)5 73.1 *4$ 01$6+-*+.) 1!*+. !)6 *4$ -.11$#!*+.) -.$ﬃ-+$)*9 4+54$1 )(/:












8! 2!"#$%&&'!( 55◦ 9 :;<= :;:>?
@A1 25◦ >;:B :;CD E:;::9
1,F 17◦ G;C< :;=? E:;::9
H7/+7% 40◦ 9;:< :;DB :;::>
H7/+7%5$%27$&'6% 49◦ :;= :;>G :;:9C
IH, 14◦ 99;<: :;=< E:;::9
,& 23( /% &%%( J$!" )*% )3/.%K IH, #$!6'+%& )*% /%&) #%$J!$"3(2% /!)*
'( )%$"& !J #$%+'2)'!( $3)'! 3(+ 2!$$%.3)'!( 2!%ﬃ2'%()K 2.!&%.L J!..!0%+ /L
1,F 3(+ @A1; M*'& '& +7% )! )*% J32) )*3) IH, "3N%& )*% "!&) 7&% !J
)*% &)$72)7$% #$%&%() '( )*% O,1 -$3#*&K 3(+ *%(2%K IH, 2!"#$%&&%& O,1
-$3#*& )! !(% )*'$+ !J )*%'$ 7(2!"#$%&&%+ &'P% !( 36%$3-%K 0*%$%3& ') 23(
*3$+.L 2!"#$%&& O8Q -$3#*&; A(2'+%()3..LK @A1 3(+ 1,F 32*'%6% 3( %6%(
/%))%$ 2!"#$%&&'!( $3)'! J!$ O,1 -$3#*&K /7) )*%L 23( 3.&! 2!"#$%&& O8Q
-$3#*&K *%(2% )*%'$ &%(&')'6')L )! &)$72)7$% '& .%&& )*3( )*3) !J IH,K 3(+ '(
!7$ 3##.'23)'!(K )*'& &%(&')'6')L '& "!$% '"#!$)3() )*3( )*% #7$% 2!"#$%&&'!(
$3)'!; ,.)!-%)*%$K IH, *3& 99 )'"%& "!$% #$%+'2)'6% #!0%$ 2!(2%$('(- &!.6%$
$7()'"% )*3( )*% 7(2!"#$%&&%+ '(#7) &'P%; R!$%!6%$K &'(2% p563.7%& .%&& )*3(
:;:D 3$% 7&73..L 2!(&'+%$%+ &)3)'&)'23..L &'-('ﬁ23()K 0% 23( 2!(2.7+% )*3) 3..
$!0& !J )*% )3/.% 2!()3'( &)3)'&)'23..L &'-('ﬁ23() 63.7%& J!$ )*% 2!$$%.3)'!(
2!%ﬃ2'%();
T'(3..LK 0% 3.&! 2!"#3$%+ )*% #%$J!$"3(2% !J IH,K @A1K 3(+ 1,F !(
UH,M /%(2*"3$N&K 3& +%&2$'/%+ '( H%2)'!( <; V% +'+ (!) '(2.7+% H7/5
+7% 3(+ H7/+7%5$%27$&'6% '( )*'& 2!"#3$'&!( /%237&% 0% 2!(2.7+%+ J$!"
)*% %W#%$'"%()& 0')* -$3#* 2!.!$'(- )*3) )*%L 3$% .%&& 3##$!#$'3)% J!$ !7$
#7$#!&%&;
M*% 2*3$)& $%&7.)'(- J$!" )*%&% %W#%$'"%()& 0%$% &'"'.3$ )! )*% !(%&
3.$%3+L #$%&%()%+ J!$ -$3#* 2!.!$'(-K *%(2% 0% +! (!) #$%&%() )*%" *%$%;
A(&)%3+K 0% &*!0 )*% X73()')3)'6% $%&7.)& '( M3/.% >;
,& 23( /% &%%(K 1,F 3(+ @A1 3$% 3-3'( "72* /%))%$ )*3( )*% 2.3&&'2
%&)'"3)'!( /3&%+ !( 7(2!"#$%&&%+ &'P%K /7) IH, 2.%3$.L !7)#%$J!$"& )*%";
M*% J32) )*3) IH, 32*'%6%& &72* '"#$%&&'6% $%&7.)& !( )*'& &%2!(+ #$!/.%" 3&
0%.. Y0*'2* '& (!) $%.3)%+ )! -$3#* 2!.!$'(-Z '& 3 &)$!(- &'-( !J )*% 7&%J7.(%&&
!J )*% &7--%&)%+ 3##$!32*;
?C
 !"#$ %& '(!)*+*!*+,$ -./0!1+2.) .3 *4$ +),$2*+5!*$6 -./01$22+.) /$*4.62 .)
789 
 !"#$%&&'!( "%)*!+ ,$%+'-)'!( $.)'!  !$$%/.)'!( -!%ﬃ-'%() p12./3%
4! -!"#$%&&'!( 5 6789 :67665
;<, =7>? 67?8 :67665
,@A B76> 67?B :67665
CD@ 567B= 67=9 :67665
 ! "#$%&$$#'(
@E)%$ *.2'(F #$%&%()%+ )*% CD@ ./F!$')*" .(+ %"#'$'-./ $%&3/)& !E ')&
#$.-)'-./ .##/'-.)'!(G ') '& H!$)* $%2'&')'(F )*% F!./& !E )*'& $%&%.$-* .(+
+'&-3&&'(F )! H*.) %I)%() )*%J *.2% K%%( $%.-*%+7
 !" #$%&'()!* '$+,(%& -'&.(),(/+
 0" 1$+,(%& )!,&2/'(3!,(/+
:+5(1$ ;<&  4$.1$*+-!# /.6$# .3 1()*+/$ 01$6+-*+.)
@& &*!H( '( L'F3$% 9>G )*%$% .$% )H! ".'( &-%(.$'!& E!$ #$%+'-)'(F )*%
$3()'"% !E .( ./F!$')*" !( . F'2%( '(#3)7 M!)* &-%(.$'!& -!(&'&) !E )H!
&)%#&N ﬁ$&) &!"% "%)$'-& .$% %I)$.-)%+ E$!" )*% '(#3)G H*'-* .$% )*%( E%+
'()! . #$%+'-)'!( !$ -/.&&'ﬁ-.)'!( E3(-)'!( )*.) -!"#3)%& )*% %&)'".)%+ $3(1
)'"% !$ #$%+'-)& H*%)*%$ !$ (!) )*% &!/2%$ H'// ﬁ('&* H')*'( $%.&!(.K/% )'"%G
$%&#%-)'2%/J7 P*% &%-!(+ &)%# '& (%-%&&.$'/J ./F!$')*"1&#%-'ﬁ-G K3) )*% ﬁ$&)
&)%# -.( K% ./F!$')*"1'(+%#%(+%()G !$ %2%( #$!K/%"1'(+%#%(+%()7
P*% "!&) H'+%/J 3&%+ "%)$'-G )*% #$!K/%"Q& &'R%G '& )!).//J ./F!$')*"1
.(+ %2%( #$!K/%"1'(+%#%(+%()7 <)& 3&.F% '& 3K'S3')!3&N H*%(%2%$ H% )./T
.K!3) #!/J(!"'./G %I#!(%()'./G /'(%.$G S3.+$.)'- %)-7 ./F!$')*"&G H% ./H.J&
"%.( ') H')* $%&#%-) )! )*'& "%)$'-7 U!$%!2%$G -/.'"& /'T% V)*'& ./F!$')*" -.(
-!#% H')* F$.#*& !E 3# )! &%2%$./ *3(+$%+ (!+%& .(+ )*!3&.(+& !E %+F%&W .$%
9=
 !"#$ %&''&() *( +!%, %-+$+. #,$ "(/!#0+ +"1$ "+ !+$2 3&4 %5-++"36"(7 "(/!#+
-+ $-+6 8+) ,-42)
9&:$8$4. -+ :$ /&"(#$2 &!# "( #,$ *(#4&2!%#"&(. !+"(7 #,$ "(/!#0+ +"1$
-+ - '$#4"% 3&4 4!(#"'$ /4$2"%#"&( ;$"#,$4 (!'$4"%-556 &4 :"#, %5-++"ﬁ%-#"&(=
+!ﬀ$4+ 34&' #,$ /4&?5$' #,-# "(/!#+ &3 #,$ +-'$ +"1$ %-( 5$-2 #& +"7("ﬁ%-(#56
2"ﬀ$4$(# 4!(#"'$+. /-4#"%!5-456 :,$( %&'/-4"(7 +#4!%#!4$2 -(2 4-(2&' "(@
+#-(%$+ &3 #,$ +-'$ +"1$) A,-#$8$4 #,$ /4$2"%#"&( &4 %5-++"ﬁ%-#"&( 3!(%#"&(
"+. #,"+ 2"ﬀ$4$(%$ :"55 %-!+$ - 5-47$ $44&4 "( #,$ $+#"'-#"&()
9$(%$. &!4 '-"( &?B$%#"8$ :-+ #& /4&/&+$ - '$#4"% #,-# ,-+ #,$ +-'$ '$4@
"#+ C ")$) %-( ?$ !+$2 3&4 -(6 /4&?5$' -(2 -(6 -57&4"#,'. "+ $-+"56 %&'/!#$2
-(2 "(#!"#"8$ C ?!# '"#"7-#$+ #,$ -?&8$ /4&?5$') A$ /4&/&+$2 #,$ "(/!#0+
%&'/4$++$2 +"1$ -+ ($: '$#4"%) D+"(7 - 7$($4"% %&'/4$++"&( /4&74-' 5"E$ F*G
&4 GHIJ. #,"+ '$#4"% %-( ?$ $-+"56 %&'/!#$2 3&4  !" /4&?5$' "(+#-(%$. -(2
"+ %&'/5$#$56 -57&4"#,'@-7(&+#"%) *( &!4 $'/"4"%-5 $K/$4"'$(#+. :$ 2$'&(@
+#4-#$2 #,-# #,$ %&'/4$++$2 +"1$ -55&:+ %5$-456 ?$##$4 ,-42($++ %5-++"ﬁ%-#"&(
#,-( #,$ !(%&'/4$++$2 +"1$) A$ -5+& +,&:$2 &( #:& %-+$ +#!2"$+ #,-# "(@
+#-(%$+ &3 #,$ +-'$ %&'/4$++$2 +"1$ 6"$52 4!(#"'$+ #,-# -4$ '!%, %5&+$4 #&
$-%, &#,$4 #,-( 4!(#"'$+ -4"+"(7 34&' "(+#-(%$+ &3 #,$ +-'$ !(%&'/4$++$2
+"1$) L,-# "+. #,$ %&'/4$++$2 +"1$ "+ "(2$$2 -+ 7$($4-5 -+ #,$ !(%&'/4$++$2
+"1$. ?!# :"55 6"$52 '&4$ /4$%"+$ $+#"'-#"&(+ C :"#,  !" 4$-+&(-?5$
 
;$K/5"%"#
&4 "'/5"%"#= /4$2"%#"&( 3!(%#"&()
M!4 +$%&(2 &?B$%#"8$ :-+ #& +,&: #,-# - 7$($#"% -57&4"#,' #,-# +$-4%,$+
3&4 #,$ '&+# %&'/-%# +#4!%#!4-5 2$+%4"/#"&( &3 #,$ "(/!# 6"$52+ - %&'/4$++"&(
#,-# "+ $8$( '&4$ +!"#-?5$ 3&4 ,-42($++ %5-++"ﬁ%-#"&( -(2 4!(#"'$ /4$2"%#"&(
#,-( 7$($4"% %&'/4$++"&( !#"5"#"$+. +!%, -+ F*G -(2 GHIJ) H+ +,&:( "(
#,$ $'/"4"%-5 4$+!5#+. NOH 6"$52+ %&(+"+#$(#56 ?$##$4 4$+!5#+ #,-( F*G -(2
GHIJ ?&#, 3&4 ,-42($++ %5-++"ﬁ%-#"&( -(2 4!(#"'$ /4$2"%#"&(. -5#,&!7, #,$
2"ﬀ$4$(%$ "+ (&# +& +"7("ﬁ%-(#) *# +,&!52 -5+& ?$ (&#$2 #,-# C "( %&(#4-+#
#& F*G -(2 GHIJ C NOH "+ - 4$+$-4%, /4&#&#6/$. #,-# :&!52 ?$($ﬁ# 34&'
3!4#,$4 $(7"($$4"(7 $ﬀ&4#) *( #,"+ 4$+/$%#. &!4 4$+!5#+ :"#, #,"+ ﬁ4+# /4&#&#6/$
-4$ -54$-26 8$46 /4&'"+"(7)
*( &42$4 #& ?$ 3-"4. "# +,&!52 -5+& ?$ +#-#$2 #,-# "( #$4'+ &3 %&'/4$++"&(
4-#"&. F*G -(2 GHIJ -4$ %5$-456 +!/$4"&4 #& NOH) *( /-4#"%!5-4. F*G -(2
GHIJ %-( -5+& %&'/4$++ 4-(2&' "(/!#+ ?6 !+"(7 (&(@+#4!%#!4-5 "(,&'&@
7$($"#"$+ ;$)7). "( - 74-/, :"#, 8$4#"%$+ (!'?$4$2 34&' P #& QRR. #,$ 2"7"# P
-//$-4+ '&4$ &3#,$4 #,-( #,$ &#,$4+=. :,$4$-+ NOH %-((&#) 9&:$8$4. NOH0+
+$(+"#"8"#6 #& +#4!%#!4$ "+ ,"7,$4. -(2 #,"+ "+ :,-# %&!(#+ "( &!4 %-+$)
L,$ %&'/4$++$2 +"1$ 2$5"8$4$2 ?6 NOH "+ -  !"#$ 7$($4-5 '$#4"%S "# %-( ?$
!+$2 3&4 -(6 -57&4"#,'+ -(2 -(6 /4&?5$'+. :,$4$ ;- +!?+#-(#"-5 /-4# &3= #,$
 
 ! "#$%&'$()#* +# ,#$' -.$- -.# /"#012-1&' 34'2-1&' ,$/% (155#" 01ﬀ#"#'2#% 1' 1-%
1'/4- -& (155#" 01ﬀ#"#'2#% 1' 1-% &4-/4-7 8.1% 1% 3&" #9$,/)# -.# 2$%# :$%!,/-&-12$))!; 3&"
$)) /&)!'&,1$) $'0 #9/&'#'-1$) 34'2-1&'%7
TR
 !"#$  % & '(&")* +( ,&! -. (."(.%.!$./ -0 & '(&")1 23). 4563 ,&%. %$#/0
7&% &! .8&9":. ;+( $). :&$$.( ,&%.1< 3)&$  %* =56>% &"": ,&$ +! /+9& !  %
!+$ &% 7 /. &% $)&$ +; ?@ABA6CD* -#$ %$ :: E# $. 7 /.*  !,:#/ !' & % '! ﬁ,&!$
"+($ +! +; $). "(&,$ ,&::0 (.:.G&!$ ,+9- !&$+( &: &:'+( $)9 , "(+-:.9%1
6!+$).(  %%#.  % % 9": , $01 H-G +#%:0* ,+9"(.%% !' $).  !"#$ #% !'
?@ABA6CD &!/ $).! /.$.(9 ! !' $). ,+9"(.%%./ % I.  % % 9":.1 3). (.&/.(
9 ')$ )&G. $). ;..: !' $)&$ #% !' =56  % 9+(. $./ +#%* -.,&#%. +; $). $#!J
 !' &!/ "+%$J"(+,.%% !' %$."% $)&$ 7. /.%,( -./  ! $) % "&".(1 K+7.G.(* $).
$#! !' 7&% !.,.%%&(0 +!:0 +!,.* &!/ $). "+%$J"(+,.%% !' 7&% +!:0 !.././ $+
9&L. & 9.&! !';#: ,+9"&( %+! -.$7..! =56 &!/ $). +$).( 9.$)+/%1 6"":0J
 !' =56 $+ & !.7 "(+-:.9 /+.% !+$ (.E# (. &!0 $#! !'* !+( "+%$J"(+,.%% !'M
 $  % N#%$ &% .&%0 &% &"":0 !' ?@A +( A6CD1
O !&::0* 7. 7+#:/ : L. $+ ,+9"&(. +#( 9.$)+/ 7 $) %+9. "(.G +#% 7+(L
$)&$ 7. &:(.&/0 9.!$ +!./  ! 5.,$ +! P1 @! "&($ ,#:&(* %.G.(&: &#$)+(%
"+ !$./ +#$ $)&$ $). (&$ + +; $). !#9-.( +; ,+!%$(& !$% &!/ !#9-.( +; G&( J
&-:.% +;$.! )&% & /(&9&$ ,  9"&,$ +! %+:G.( (#!$ 9.1 K.!,.* $) % (&$ + ,+#:/
&:%+ -. #%./ &% & 9.$( , ;+( (#!$ 9. "(./ ,$ +!* &!/  $  % E# $. % 9":.1 K+7J
.G.(* $) % &""(+&,) 7+#:/ )&G. %.G.(&: /(&7-&,L%1 Q+%$  9"+($&!$:0*  $ /+.%
!+$ %+:G. $).  %%#. $)&$ (&!/+9  !%$&!,.% &(. #%#&::0 )&(/.( $)&! %$(#,$#(./
 !%$&!,.%1 3) %  % +-G +#% ;(+9 +#( .8".( 9.!$%R 7. /.: -.(&$.:0 ,)+%. %$(#,J
$#(./ &!/ (&!/+9  !%$&!,.% 7).(. $). (&$ + +; ,+!%$(& !$% $+ G&( &-:.% 7&%
(+#'):0 .E#&:* -#$ $).0 :.&/ $+ % '! ﬁ,&!$:0 / ﬀ.(.!$ %+:G.( (#!$ 9.%1 5.,J
+!/* $) % (&$ + +!:0 9&L.% %.!%. ;+( "(+-:.9% $)&$ ,&! -. ;+(9#:&$./  ! $.(9%
+; G&( &-:.% &!/ ,+!%$(& !$% 2,+!%$(& !$ %&$ %;&,$ +! "(+-:.9%<1 3) (/* %+:G.(
(#!$ 9.  % !+$ 9+!+$+!+#%  ! $) % (&$ +M  $% 9&8 9#9  % ) '):0 "(+-:.9J
/.".!/.!$* 7) ,) 9&L.% (.&%+! !' &-+#$ %+:G.( (#!$ 9. -&%./ +! $). G&:#.
+; $). (&$ + 9+(. / ﬃ,#:$1
6!+$).( &""(+&,)  % $). +!. $&L.! -0 U.0$+!JV(+7! &!/ ,+J7+(L.(% WXY*
XZ* X[\1 3).0 -# :/ & %+J,&::./ .9" ( ,&: )&(/!.%% 9+/.: +; &! &:'+( $)9 -0
.8$(&,$ !' /+I.!% +; ] "+$.!$ &::0 #%.;#: ] % 9":. %$&$ %$ ,&: ;.&$#(.% +; $).
"(+-:.9  !%$&!,. &!/ #% !' 9&,) !. :.&(! !' $+ ﬁ!/ )+7 $). &:'+( $)9>%
(#!$ 9. /.".!/% +! $)+%. ;.&$#(.%1 @! $). $.(9% +; O '#(. P^* $) % &""(+&,)
#%.% & ) ') !#9-.( +; 9.$( ,%  !%$.&/ +; N#%$ +!.M  ! ;&,$* &!0 9.$( ,% $)&$
,&! -. .8$(&,$./ .&% :0 &!/ 9 ')$ ).:"  !  9"(+G !' $). "(./ ,$ +!1 3).!*
$). "(./ ,$ +! ;#!,$ +!  % :.&(!./ #% !' $)+#%&!/% +; (#!% +; $). &:'+( $)9
+! %+9. $(& ! !' /&$&1 _#( !' $) % ")&%.* $). 7. ')$% +; $). ;.&$#(.% &(.
/.$.(9 !./* &!/ $)+%. ;.&$#(.% $)&$ &(. !+$  9"+($&!$ '.$ 7. ')$% !.&( `
&#$+9&$ ,&::01 @! $.(9% +; "(., % +! +; "(./ ,$ +!* $) % 9.$)+/ 7 :: %#(.:0
0 .:/ -.$$.( (.%#:$% $)&! +#( 9.$)+/ +; #% !' +!:0 +!. '.!.( , 9.$( ,1 H!
$). +$).( )&!/* +#( 9.$)+/ 7+(L% +#$ +; $). -+8 +! &!0 "(+-:.9 &!/ &!0
&:'+( $)9* 7).(.&% $). 9.$)+/ +; U.0$+!JV(+7! .$ &: (.E# (.% %#-%$&!$ &:
7+(L -.;+(.  $ ,&! -. &"": ./ $+ & !.7 "(+-:.9* & !.7 &:'+( $)9 +( .G.! &;$.(
& 9+/ ﬁ,&$ +! +; $). &:'+( $)91 6,$#&::0* $). $7+ 9.$)+/% ,&! -. ,+9- !./R
$). ,+9"(.%%./ % I. +; $).  !"#$ ,&! -. #%./ &% +!. +; $). ;.&$#(.% #%./ -0
^X
 !" #" !$% $& '"( $)*+,$-) " ./0 12)3" $4, &$345 25 $)  !" #" ,236 -!",".5
 !"2, &$345 25 $)  !" 7,"%23 2$) &4)3 2$)6  !"  -$ .77,$.3!"5 .," /.,8"/(
3$#7/2#") .,(0
 ! "#$%&'()#$ *$+ ,'-'./ 0#.1
9)  !25 7.7",6 -" .,84"%  !.  !" 3$#7,"55"% 52:" $&  !" 2)74  $ .) ";.3 
./8$,2 !# 25 . #43! <"  ", #" ,23 &$, !.,%)"55 3/.552ﬁ3. 2$) $,  $ 7,"%23  !"
./8$,2 !#>5 ,4) 2#"  !.)  !" ? 3$##$)/( 45"% ? #" ,23 $& 2 5 4)3$#7,"55"%
52:"0 @" 7,$A2%"% 54<5 .) 2./ "#72,23./ "A2%")3"  $ 5477$,  !25 2%".0 9)
7., 234/.,6 "A") 452)8 . 8")",./*74,7$5" 3$#7,"552$) #" !$% /2B" C9D $,
DEFG6  !" 3$#7,"55"% 52:" !.5 528)2ﬁ3.) /( #$," 7,"%23 2A" 7$-",  !.)  !"
4)3$#7,"55"% 52:"0
H$,"$A",6 -" 7,"5") "% I1E6 . 8")" 23 ./8$,2 !# &$, .)./(:2)8  !" 5 ,43*
 4," $& . 8,.7!6 .)% 3$#7,"552)8 2 452)8  !" 2%") 2ﬁ"% !28!/( 5 ,43 4,"%
7., 50 E33$,%2)8  $  !" HJ' 7,2)327/"6  !" 5!$, "5 %"53,27 2$) $&  !" 8,.7!
-2// <"5 ";7/.2) 2 5 5 ,43 4,"6 .)% $4, ./8$,2 !# ";7/232 /( 5".,3!"5 &$,  !25
5!$, "5 %"53,27 2$)6 452)8 .) "A$/4 2$) $& 8,.7! %"3$#7$52 2$)50 E33$,%2)8
 $ $4, "#72,23./ ,"54/ 56  !" 3$#7,"552$) -2 ! I1E 7,$A2%"5 "A") !28!",
7,"%23 2A" 7$-",  !.) 452)8 C9D $, DEFG6 <$ ! &$, !.,%)"55 3/.552ﬁ3. 2$)
.)% )4#",23./ ,4) 2#" 7,"%23 2$)0
9 5!$4/% <" )$ "%  !. 6 2) 7,2)327/"6 $4, #" !$%5 3.) <" .77/2"%  $
. -2%" ,.)8" $& 7,$</"#5 .)% ./8$,2 !#56 <4 $4, ";7",2#") ./ "A./4. 2$)
-.5 /2#2 "%  $  -$ 7,$</"#5 -2 ! $)" 5$/A", &$, ".3! 7,$</"#0 E/ !$48!  !"
,"54/ 5 .," 7,$#252)86 -" 3.))$ 3$)3/4%"  !.  !"5" #" !$%5 -2// <" "K4.//(
5433"55&4/ &$, ".3! 7,$</"# .)% ".3! 5$/A",0 9)  !" &4 4,"6 -" !$7"  $ $< .2)
. <"  ", 4)%",5 .)%2)8 .5  $ -!")  !" 3$#7,"55"% 2)74 52:" L.)% I1E 2)
7., 234/.,M (2"/%5 543! 8$$% ,"54/ 50
N4, ";7",2#") 5 5!$-  !. 452)8 . 8")" 23 ./8$,2 !# &$, 8,.7! 5 ,43 4,"
.)./(525 25 . A2.</" $7 2$)0 9) 7., 234/.,6 .5 5!$-) 2) 1"3 2$) O0P6 <$ !  !"
#4 . 2$) .)% ,"3$#<2). 2$) $7",. 2$)5 !"/7 2) 2#7,$A2)8  !" %"3$#7$52 2$)
$&  !" 8,.7!0 Q"A", !"/"556  !"," #28! <" "A") #$," "ﬀ"3 2A" ./8$,2 !#5
 !.) IE &$,  !25 74,7$5"0 E 7$552</" &4 4," ,"5".,3! %2,"3 2$) 25  $ ";7",2*
#") -2 !  !" .77/23. 2$) $& $ !", !"4,25 2350
E)$ !", 8$./ &$, $4, &4 4," -$,B 25  $ &4, !", 2#7,$A"  !" 53./.<2/2 (
$& I1E0 H$,"$A",6 -" 7/.)  $ 2)A"5 28. "  $ -!. "; ")  !"  !"#$"# $&  !"
$4 74 $& I1E 3.) <" 45"%  $ "),23!  !" 7,"%23 2$) 3$)3",)2)8 5$/A", ,4) 2#"
L.  !" #$#") 6 -" $)/( 45"  !" %$"&#' $&  !" $4 74 $& I1EM0
2%1$#0&/+34/$-
S!" ,"54/ 5 %253455"% .<$A" .," 5477$, "% <(  !" 8,.) STHND * U0P0P0+*
VWXV?PWVW*WWWG0 S!" -$,B $& C$/ Y) T%Y# H.)) -.5 7., 2.//( 5477$, "%
ZP
 ! "#$ %&'() *(+!,- .$)$,/0# 10#(+,/)#-2 (3 "#$ 45'6,/-,' 70,8$9! (3
10-$'0$):
 !"!#!$%!&
;<= >: ?,''@ A2"-9-B,"-(' -' 0(925"$/ $'6-'$$/-'6 C D#$(/! ,'8 ,22+-0,E
"-(')@ 10-$'"-ﬁ0 .$)$,/0# G5 +-)#-'6@ HI<<:
;H= D: 4: J(/9$'@ J: K: L$-)$/)('@ .: L: .-M$)"@ J: 1"$-'@ N'"/(850"-(' "(
7+6(/-"#9)@ O/8 K8-"-('@ ?ND G/$))@ HIIP:
;O= 4: 1: Q-+3@ *,0R"/,0RS ,' AT<U $V2$0"$8 "-9$ ,+6(/-"#9 3(/ "#$ 6/,2#
0(+(/-'6 2/( +$9@ N'3(/9,"-(' G/(0$))-'6 L$""$/) <W T<PWXU <<PC<H<:
;X= >: ?,''@ 7: 1B,YRZ@ N92/(M$8  (5'8) (' "#$ 0(92+$V-"! (3 6/,2# 0(+(/E
-'6@ -'S G/(0$$8-'6) (3 "#$ <H"# N'"$/',"-(',+ 1!92()-59 (' 1!9 (+-0
,'8 [59$/-0 7+6(/-"#9) 3(/ 10-$'"-ﬁ0 J(925"-'6@ HI<I@ 22: OX\CO]X:
;]= 7: *-$/$@ ?: %: 4: 4$5+$@ 4: M,' ?,,/$'@ D: Q,+)# TK8):U@ 4,'8 ((R
(3 1,"-)ﬁ, -+-"!@ (^+: <W] (3 _/('"-$/) -' 7/"-ﬁ0-,+ N'"$++-6$'0$ ,'8 72E
2+-0,"-(')@ NA1 G/$))@ HIIP:
;`= a: 7: 12-$+9,'@ 1:E4: D$'6@ 19(("#$8 ,',+!)-) (3 ,+6(/-"#9)S Q#! "#$
)-92+$V ,+6(/-"#9 5)5,++! ",R$) 2(+!'(9-,+ "-9$@ %(5/',+ (3 "#$ 7J?
]< TOU THIIXU OW]CX`O:
;\= ?: 1,9$/@ 1: 1B$-8$/@ _-V$8E2,/,9$"$/ "/,0", -+-"!@ -'S 7: *-$/$@
?: 4$5+$@ 4: M,' ?,,/$'@ D: Q,+)# TK8):U@ 4,'8 ((R (3 1,"-)ﬁ, -+E
-"!@ NA1 G/$))@ HIIP@ J#: <O@ 22: XH]CX]X:
;W= L: >#,'6@ 1: ?,+-R@ D#$ b5$)" 3(/ $ﬃ0-$'"  ((+$,' ),"-)ﬁ, -+-"! )(+M$/)@
-'S K: */-'R)9,@ d: L,/)$' TK8):U@ G/(0$$8-'6) (3 "#$ <X"# N'"$/',"-(',+
J('3$/$'0$ (' J(925"$/ 7-8$8 $^/-ﬁ0,"-('@ (^+: HXIX (3 L$0"5/$ [("$)
-' J(925"$/ 10-$'0$@ 12/-'6$/ *$/+-' e 4$-8$+ $/6@ HIIH@ 22: `X<C`]O:
;P= D: Q,+)#@ 1$,/0# (' #-6# 8$6/$$ 6/,2#)@ -'S G/(0$$8-'6) (3 "#$ <\"#
N'"$/',"-(',+ %(-'" J('3$/$'0$ A' 7/"-ﬁ0-,+ N'"$++-6$'0$@ HII<@ 22: H``C
H\X:
;<I= G: J#$$)$9,'@ *: d,'$3)R!@ Q: ?: D,!+(/@ Q#$/$ "#$ /$,++! #,/8 2/( E
+$9) ,/$@ -'S <H"# N'"$/',"-(',+ %(-'" J('3$/$'0$ (' 7/"-ﬁ0-,+ N'"$++-E
6$'0$ TN%J7N fP<U@ <PP<@ 22: OO<COO\:
;<<= a: ?-"0#$++@ *: 1$+9,'@ 4: L$M$)b5$@ 4,/8 ,'8 $,)! 8-)"/- 5"-(') (3 ),"
2/( +$9)@ -'S G/(0$$8-'6) (3 "#$ "$'"# ',"-(',+ 0('3$/$'0$ (' 7/"-ﬁ0-,+
-'"$++-6$'0$@ 777NfPH@ 777N G/$))@ <PPH@ 22: X]PCX`]:
OO
 !"# $% &'()**'(+ $% ,-../0()+ 1% 20345)630.4+ 7% 1-89)(+ :% ;3'<)(*4<+
=-6-390(0(> .'95?6)60'()8 .'958-@06< A3'9 ./)3).6-30*60. B5/)*- 63)(C
*060'(*D+ E)6?3- FGG H!IIIJ !KKL!KM%
 !K# $% N0880)9*+ O% P% Q'9-*+ 7% 1-89)(+ 7).4R''3* 6' 6<50.)8 .)*- .'9C
58-@06<+ 0(S P3'.--R0(>* 'A 6/- !T6/ 0(6-3()60'()8 U'0(6 .'(A-3-(.- '( V3C
60ﬁ.0)8 0(6-880>-(.-+ &'3>)( 2)?A9)(( P?X80*/-3* Y(.%+ 1)( Z3)(.0*.'+
OV+ [1V+ "GGK+ 55% !!MKL!!MT%
 !F# 2% :-<6'(C73'\(+ ]% E?R-89)(+ ^% 1/'/)9+ :-)3(0(> 6/- -95030.)8
/)3R(-** 'A '56090_)60'( 53'X8-9*S ;/- .)*- 'A .'9X0()6'30)8 )?.60'(*+
0(S P3'.--R0(>* 'A 6/- T6/ Y(6-3()60'()8 O'(A-3-(.- '( P30(.058-* )(R
P3).60.- 'A O'(*63)0(6 P3'>3)990(>+ OP DG"+ 1530(>-3C -`38)>+ :'(R'(+
[2+ "GG"+ 55% aabLaM"%
 !a# ]% E?R-89)(+ 2% :-<6'(C73'\(+ c% c% c''*+ V% =-d4)3+ ^% 1/'/)9+
[(R-3*6)(R0(> 3)(R'9 1V;S 7-<'(R 6/- .8)?*-*C6'Cd)30)X8-* 3)60'+ 0(S
P30(.058-* )(R P3).60.- 'A O'(*63)0(6 P3'>3)990(> HOPCGFJ+ "GGF+ 55%
FKTLFa"%
 !b# Z% c?66-3+ ^% c)9)R0+ c% c% c''*+ 2% :-<6'(C73'\(+ P-3A'39)(.-
53-R0.60'( )(R )?6'9)6-R 6?(0(> 'A 3)(R'90_-R )(R 5)3)9-630. )8>'C
306/9*+ 0(S Z% 7-(/)9'? H]R%J+ P30(.058-* )(R P3).60.- 'A O'(*63)0(6
P3'>3)990(> C OP "GGb+ P3'.--R0(>*+ "GGb+ 55% "!KL""T%
 !M# P% =% Q3e(\)8R+ Y% f% &<?(>+ &% V% P066 H]R*%J+ VRd)(.-* 0( &0(09?9
=-*.30560'( :-(>6/+ &Y; P3-**+ "GGa%
 !T# &% :0+ P% `06)(<0+ V( Y(63'R?.60'( 6' 2'89'>'3'd O'958-@06< )(R Y6*
V5580.)60'(*+ K3R ]R060'(+ 1530(>-3 -`38)>+ "GGT%
 !I# =% f% O''4+ :% 7% c'8R-3+ 1?X*63?.6?3- R0*.'d-3< ?*0(> 90(09?9 R-C
*.30560'( 8-(>6/ )(R X).4>3'?(R 4('\8-R>-+ f'?3()8 'A V360ﬁ.0)8 Y(6-8C
80>-(.- $-*-)3./ ! H!IIFJ "K!L"aa%
 "G# =% f% O''4+ :% 7% c'8R-3+ Q3)5/CX)*-R R)6) 90(0(>+ Y]]] Y(6-880>-(6
1<*6-9* !a H"GGGJ K"LF!%
 "!# $% :?6_+ ]d'8d0(> >''R /0-3)3./0.)8 R-.'95'*060'(* 'A .'958-@ *<*6-9*+
f'?3()8 'A 1<*6-9* V3./06-.6?3- FM H"GG!J b!KLbKF% R'0S!G%!G!bg1!KTKC
Mb"!HG!JGGG!ICF%
 ""# ;% c'>>+ N/0./ *-)3./ 53'X8-9* )3- 3)(R'9h+ 0(S P3'.--R0(>* 'A 6/-
ﬁA6--(6/ ()60'()8g6-(6/ .'(A-3-(.- '( V360ﬁ.0)8 0(6-880>-(.-gY(('d)60d-
)5580.)60'(* 'A )360ﬁ.0)8 0(6-880>-(.-+ VVVY DITgYVVY DIT+ V9-30.)( V*C
*'.0)60'( A'3 V360ﬁ.0)8 Y(6-880>-(.-+ &-(8' P)34+ OV+ [1V+ !IIT+ 55%
FKTLFFK%
KF
 !"# $% &'()* +% ,-./ 0122* 341)5 6787492:; $5< /74< 67874=* >5< ?<>><4@*
92; A476<<-92:= 7B >5< CC>5 D2><421>97218 &E/)7=9F/ 72 G7/)F>1>97218
D2><889:<26< 12- D2B74/1>96= HGDI$D !JCJK* !JCJ* ))% CCLMC!N%
 !N# A% O49::=* P% Q% G77)<4* R% $746'72* D/)47S</<2>= >7 :41)5 6787492:
4<:9=><4 188761>972* TG0 $412=16>972= 72 A47:41//92: R12:F1:<= 12-
&E=></= CU H"K HCLLNK N!VMNWW%
 !W# 0% $5F48<E* =514)&T$ M 67F2>92: /7-<8= X9>5 1-S126<- 67/)72<2>
616592: 12- 9/)8969> OGA* 92; A476<<-92:= 7B >5< L>5 D2><421>97218 G72Y
B<4<26< 72 $5<74E 12- T))8961>972= 7B &1>9=ﬁ1?989>E $<=>92: H&T$ !JJUK*
!JJU* ))% N!NMN!L%
 !U# [% &72:* \% I% I% ]F2:* T% 09=565<2^7* 0% G54'127X=^1Y_<=^<*
T% G7))781* T% P<2292:=* O714-Y8<S<8 /F8>9><4/9218 2<> 1==9:2/<2>*
92; C!>5 TG0`Daaa 34<1> R1^<= &E/)7=9F/ 72 bR&D H3R&bR&DK*
!JJ!* ))% C"JMC"W%
 !c# +% 0122* $% &'()* OGT$; T B41/<X74^ B74 1218E'92: >5< 67/)8<d9>E
7B 18:749>5/=* 92; V>5 Daaa D2><421>97218 &E/)7=9F/ 72 D2><889:<2>
&E=></= 12- D2B74/1>96=* !JCJ* ))% !LcM"J!%
 !V# 0% Pe9S.2<^* _% 074.S<^* IAY514- )47?8</= 92 59<414659618Y>4<< 68F=Y
><492:* T6>1 D2B% !" HCLVUK "CCM"!"%
 !L# $% f<-<4* A% ]<88* &% P8<92* g% 07>X129* G7/)8<d9>E 7B :41)5 )14>9>972
)47?8</=* 92; A476<<-92:= 7B >5< >594>EYﬁ4=> 122F18 TG0 =E/)7=9F/
72 $5<74E 7B 67/)F>92:* &$hG iLL* TG0* I<X j74^* Ij* k&T* CLLL*
))% NUNMNc!%
 "J# &% Ol6^<4* &% O49<=</<9=><4* 3% \% P81F* ad16> 18:749>5/= B74 68F=><4
<-9>92:; aS18F1>972 12- <d)<49/<2>=* T8:749>5/961 UJ H!JCCK "CUM""N%
 "C# a% O% O1F/* Q% O% O72<5* G% O% 3144<>>* \5<4< :<2<>96 18:749>5/=
<d6<8* aS78% G7/)F>% L HCK H!JJCK L"MC!N%
 !!"#$%&  ' ()*+*%,# ,!"-+*,-.
D2 >5< B7887X92:* X< )4<=<2> >5< BF88 89=> 7B /F>1>972 7)<41>74= </)87E<-
92 3&T;
C% G4<1>972 7B 1 2<X 7?m<6>%
C%C T2 <-:< 7B >5< 92)F> :41)5 9= >F42<- 92>7 1 )1>5 7B 8<2:>5 C% DB
72< 7B >5< <2- S<4>96<= 7B >5< <-:< 9= 27> 1 67/)8<d 7?m<6>* ?F> 1
nBF4>5<4 S<4><do* >5<2 >5< <-:< 9= =<8<6><- X9>5 59:5<4 )47?1?989>E%
DB ?7>5 <2- S<4>96<= 14< =F65* >5<2 >5< <-:< 9= =<8<6><- X9>5 <S<2
59:5<4 )47?1?989>E%
"W
 !" #$ %&'% () *+% ,$-.* '/0-+ ,1 *./$%& ,$*( 0 -1%.&(23(4-5%*% '/0-+
6,*+ " 7%/*,3%1 0$& 8 4,11,$' %&'%! #'0,$9 :)./*+%/ 7%/*,3%1; 0/%
-/%)%//%& (7%/ 7%/*,3%1 05/%0&< 3(7%/%& =< 3(4-5%> (=?%3*1!
 !@ A6( %&'%1 6,*+ 0 3(44($ %$& 7%/*%> 0/% *./$%& ,$*( 0 -0*+
() 5%$'*+ "! #'0,$9 :)./*+%/ 7%/*,3%1; 0/% -/%)%//%& (7%/ 7%/*,3%1
05/%0&< 3(7%/%& =< 3(4-5%> (=?%3*1!
 !B A6( %&'%1 6,*+ 0 3(44($ %$& 7%/*%> 0/% *./$%& ,$*( 0 -1%.&(2
3(4-5%*% '/0-+ 6,*+ @ 7%/*,3%1 0$& 8 (/  4,11,$' %&'%! #'0,$9
:)./*+%/ 7%/*,3%1; 0/% -/%)%//%& (7%/ 7%/*,3%1 05/%0&< 3(7%/%& =<
3(4-5%> (=?%3*1!
 !C D(./ 7%/*,3%1 0/% *./$%& ,$*( 0 $%6 (=?%3*! E%-%$&,$' ($ *+%
$.4=%/ () %&'%1 04($' *+% 7%/*,3%19 *+% $%6 (=?%3* 6,55 =% %,*+%/
0 -1%.&(23(4-5%*% '/0-+9 0 -1%.&(2%4-*< '/0-+9 (/ 0 3+0(1!
"! E%5%*,($ () 0$ (=?%3*!
"! #$ (=?%3* 6,*+ 0* 4(1* B 7%/*,3%1 ,1 &%1*/(<%&9 *./$,$' *+% 7%/*,3%1
0$& %&'%1 $(* 3(7%/%& =< (*+%/ (=?%3*1 ,$*( :)./*+%/; 7%/*,3%1 0$&
%&'%1! A+% 1%5%3*,($ -/(=0=,5,*< () 0$ (=?%3* ,1 &%*%/4,$%& =01%&
($ *+% $.4=%/ () (*+%/ (=?%3*1 *+0* 3(7%/ *+%1% 7%/*,3%1!
"!" #$ (=?%3* 6,*+ 0* 5%01* F8G () ,*1 7%/*,3%1 3(7%/%& =< (*+%/ (=?%3*1
,1 /%4(7%&9 *./$,$' *+% 7%/*,3%1 0$& %&'%1 $(* 3(7%/%& =< (*+%/
(=?%3*1 ,$*( :)./*+%/; 7%/*,3%1 0$& %&'%1!
@! H$3/%01,$' *+% 1,I% () 0$ (=?%3*!
@! # -1%.&(23(4-5%*% '/0-+ ,1 %>*%$&%& 6,*+ 0 $%6 7%/*%>! A+%
1%5%3*,($ -/(=0=,5,*< &%-%$&1 ($ *+% $.4=%/ () %&'%1 =%*6%%$ *+%
-1%.&(23(4-5%*% '/0-+ 0$& *+% $%6 7%/*%>! JA+% 4(/% %&'%19 *+%
+,'+%/ *+% 1%5%3*,($ -/(=0=,5,*<!K
@!" # -1%.&(2%4-*< '/0-+ ,1 %>*%$&%& 6,*+ 0 $%6 7%/*%>! A+% 1%2
5%3*,($ -/(=0=,5,*< &%-%$&1 ($ *+% $.4=%/ () %&'%1 =%*6%%$ *+%
-1%.&(2%4-*< '/0-+ 0$& *+% $%6 7%/*%>! JA+% 5%11 %&'%19 *+%
+,'+%/ *+% 1%5%3*,($ -/(=0=,5,*<!K
@!@ # 3+0(1 ,1 %>*%$&%& 6,*+ 0 $%6 7%/*%>! A+% 1%5%3*,($ -/(=0=,5,*<
&%-%$&1 ($ *+% $.4=%/ () %&'%1 =%*6%%$ *+% 3+0(1 0$& *+% $%6
7%/*%>! JA+% 4(/% %&'%19 *+% +,'+%/ *+% 1%5%3*,($ -/(=0=,5,*<!K
@!B # -0*+ ,1 %>*%$&%& 6,*+ 0 $%6 7%/*%> *+0* ,1 0&?03%$* *( *+% %$&
7%/*%> () *+% -0*+!
B! E%3/%01,$' *+% 1,I% () 0$ (=?%3*!
B! # 7%/*%> ,1 /%4(7%& )/(4 0 -1%.&(23(4-5%*% '/0-+! A+% 1%5%3*,($
-/(=0=,5,*< &%-%$&1 ($ *+% $.4=%/ () %&'%1 =%*6%%$ *+% 7%/*%>
0$& *+% (*+%/ 7%/*,3%1 ,$ *+% -1%.&(23(4-5%*% '/0-+! JA+% 5%11
%&'%19 *+% +,'+%/ *+% 1%5%3*,($ -/(=0=,5,*<!K
B!" # 7%/*%> ,1 /%4(7%& )/(4 0 -1%.&(2%4-*< '/0-+! A+% 1%5%3*,($
-/(=0=,5,*< &%-%$&1 ($ *+% $.4=%/ () %&'%1 =%*6%%$ *+% 7%/*%>
0$& *+% (*+%/ 7%/*,3%1 ,$ *+% -1%.&(2%4-*< '/0-+! JA+% 4(/%
%&'%19 *+% +,'+%/ *+% 1%5%3*,($ -/(=0=,5,*<!K
@L
 !" # $%&'%( )* &%+,$%- .&,+ / 01/,*! 21% *%3%0'),4 5&,6/6)3)'7 -%8
5%4-* ,4 '1% 49+6%& ,. %-:%* 6%';%%4 '1% $%&'%( /4- '1% ,'1%&
$%&')0%* )4 '1% 01/,*! <21% 3%** %-:%*= '1% 1):1%& '1% *%3%0'),4
5&,6/6)3)'7!>
 ! ?4% %4- $%&'%( ,. / 5/'1 )* &%+,$%- .&,+ )'!
@! A,4$%&')4: /4 ,6B%0' ', /4,'1%& ,6B%0' '75%!
@!C D. '1% 49+6%& ,. %-:%* /+,4: '1% $%&')0%* ,. / 5*%9-,80,+53%'%
:&/51 )* 6%3,; / :)$%4 3)+)'= '1%4 '1% 5*%9-,80,+53%'% :&/51 )*
0,4$%&'%- ', / 01/,*!
@!E D. '1% 49+6%& ,. %-:%* /+,4: '1% $%&')0%* ,. / 5*%9-,8%+5'7
:&/51 )* /6,$% / :)$%4 3)+)'= '1%4 '1% 5*%9-,8%+5'7 :&/51 )*
0,4$%&'%- ', / 01/,*!
@!" D. '1% 49+6%& ,. %-:%* /+,4: '1% $%&')0%* ,. / 01/,* )* /6,$%
/ :)$%4 3)+)'= '1%4 '1% 01/,* )* 0,4$%&'%- ', / 5*%9-,80,+53%'%
:&/51!
@! D. '1% 49+6%& ,. %-:%* /+,4: '1% $%&')0%* ,. / 01/,* )* 6%3,; /
:)$%4 3)+)'= '1%4 '1% 01/,* )* 0,4$%&'%- ', / 5*%9-,8%+5'7 :&/51!
F! G%&:)4: ';, ,6B%0'* )4', / *)4:3% ,6B%0'!
F!C 2;, 5*%9-,80,+53%'% :&/51* /&% +%&:%- )4', / *)4:3% 5*%9-,8
0,+53%'% :&/51! 21% *%3%0'),4 5&,6/6)3)'7 +,4,',4,9*37 )40&%/*%*
)4 '1% 49+6%& ,. 0,++,4 $%&')0%* /4- '1% 49+6%& ,. %-:%* 6%8
';%%4 '1% ';, 5*%9-,80,+53%'% :&/51*!
F!E 2;, 5*%9-,8%+5'7 :&/51* /&% +%&:%- )4', / *)4:3% 5*%9-,8%+5'7
:&/51! 21% *%3%0'),4 5&,6/6)3)'7 +,4,',4,9*37 )40&%/*%* )4 '1%
49+6%& ,. 0,++,4 $%&')0%* /4- +,4,',4,9*37 -%0&%/*%* )4 '1%
49+6%& ,. %-:%* 6%';%%4 '1% ';, 5*%9-,8%+5'7 :&/51*!
F!" 2;, 5/'1* ;)'1 / 0,++,4 %4- $%&'%( /&% +%&:%- )4', / *)4:3%
5/'1!
H! I53)'')4: /4 ,6B%0' )4', ';, ,6B%0'*!
H!C # 5*%9-,80,+53%'% :&/51 G1 )* *53)' )4', ';, 5*%9-,80,+53%'%
:&/51* G2 /4- G3! 21% *53)'')4: )* 5%&.,&+%- $%&'%( 67 $%&'%(!
D. $%&'%( v )* 59' )4',= */7= G2= '1%4 /33 ,'1%& $%&')0%* 4,' 7%'
53/0%- )4', G2 ,& G3 '1/' /&% 4,' /-B/0%4' ', v /&% 53/0%- )4',
G3! J% 9*% '1)* 1%9&)*')0 ', K%%5 '1% 49+6%& ,. %-:%* 6%';%%4
G2 /4- G3 3,;!
H!E # 5*%9-,8%+5'7 :&/51 G1 )* *53)' )4', ';, 5*%9-,8%+5'7 :&/51*
G2 /4- G3! 21)* ')+%= ). $%&'%( v )* 59' )4',= */7= G2= '1%4 /33
,'1%& $%&')0%* 4,' 7%' 53/0%- )4', G2 ,& G3 '1/' /&% /-B/0%4' ', v
/&% 53/0%- )4', G3! J% 9*% '1)* 1%9&)*')0 ', K%%5 '1% 49+6%& ,.
%-:%* )4*)-% G2 /4- G3 3,;!
H!" # 5/'1 )* *53)' )4', ';, 5/'1* /' ,4% ,. )'* )44%& $%&')0%*!
"H
 !" # $%&'()*%&+ ,-'$,% -'$( ./ ' -,%01.23.4-&%(% 5$'-6 G1 ), 36.--%1
.ﬀ (. /.$4 ' 36'.,! 8.$ (6), -0$-.,%9 ' *%$(%: v ./ G1 ), ,%&%3(%1
;(6% &.<%$ (6% =04>%$ ./ =%)56>.0$, ./ v <)(6)= G19 (6% 6)56%$
(6% ,%&%3().= -$.>'>)&)(+?! @6%= v9 '&.=5 <)(6 '&& *%$()3%, ./ G1
=.( '1A'3%=( (. v '$% 36.--%1 .ﬀ /$.4 G1 (. /.$4 ' =%< 36'.,
.>A%3(! B% 0,% (6), 6%0$),()3 (. 36'=5% -,%01.23.4-&%(% 5$'-6,
)= ,036 ' <'+ (6'( (6%+ $%4')= 1%=,%!
 !C #='&.5.0,&+9 ' $%&'()*%&+ 1%=,% -'$( ./ ' -,%01.2%4-(+ 5$'-6 3'=
>% 36.--%1 .ﬀ (. /.$4 ' 36'.,! B% 0,% '= '='&.5.0, 6%0$),()3
', >%/.$% (. 36'=5% -,%01.2%4-(+ 5$'-6, )= ,036 ' <'+ (6'( (6%+
$%4')= ,-'$,%!
 !D # -'(6 ), $%4.*%1 /$.4 ' -,%01.2%4-(+ 5$'-6 G1! 8.$ (6), -0$2
-.,%9 ' *%$(%: v ), 36.,%= /$.4 G1 ;(6% 6)56%$ (6% =04>%$ ./
=%)56>.0$, ./ v <)(6)= G19 (6% 6)56%$ (6% ,%&%3().= -$.>'>)&)(+?9
(6%= ' -'(6, ), 5$.<= $'=1.4&+ ,('$()=5 <)(6 v9 ', &.=5 ', )( 3'=
>% 3.=()=0%1!
E.< <% $%*),)( (6% %:'4-&%, -$%,%=(%1 )= 8)50$%, D '=1 F )= G%3().= C!H!
I= 8)50$% D9 ' 36'., <)(6 D *%$()3%, -&0, ' /0$(6%$ *%$(%: '$% 3.=*%$(%1 )=(.
' -,%01.23.4-&%(% 5$'-6 <)(6  *%$()3%,! @6), ), (6% $%,0&( ./ (<. %&%4%=2
('$+ 40('().= .-%$'().=,J %)(6%$ (6% 36'., ), ﬁ$,( %:(%=1%1 <)(6 (6% /0$(6%$
*%$(%: (. /.$4 ' 36'., <)(6  *%$()3%, ;40('().= .-%$'(.$ L!L?9 <6)36 ), (6%=
3.=*%$(%1 (. ' -,%01.23.4-&%(% 5$'-6 ;.-%$'(.$ C!L?M .$ (6% 36'., ), ﬁ$,( 3.=2
*%$(%1 (. ' -,%01.23.4-&%(% 5$'-6 ;.-%$'(.$ C!L?9 <6)36 ), (6%= %:(%=1%1
<)(6 (6% /0$(6%$ *%$(%: ;.-%$'(.$ L!N?! I= 8)50$% F9 ' -'(6 3.=,),()=5 ./ L
*%$()3%, '=1 ' /0$(6%$ %15% '$% 3.=*%$(%1 (. ' -,%01.23.4-&%(% 5$'-6 <)(6
L *%$()3%,! @6%$% ), =. 40('().= .-%$'(.$ (6'( <.0&1 3.=*%$( ' -'(6 )=(. '
-,%01.23.4-&%(% 5$'-69 6%=3% (6), 6'--%=%1 '&,. )= (<. ,(%-,J ﬁ$,( (6% -'(6
), 1%,($.+%1 ;.-%$'(.$ H!N?9 '=1 (6% $%,0&()=5 L &..,% *%$()3%, (.5%(6%$ <)(6
(6% L %15%, '4.=5 (6%4 '$% (6%= 3.4-)&%1 )=(. ' -,%01.23.4-&%(% 5$'-6
;.-%$'(.$ N!"?!
LF
